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1. INTRODUCTION 
 
Transition metals (TMs) are of indisputable importance for many catalytic processes 
and have been studied extensively in the past decades.1-9 The partially filled d and f 
shells of TMs dominate their properties as free atoms, clusters or in bulk phase. Clusters 
bridge the gap between atoms and bulk10 and serve as model systems for the 
investigation of chemical11-19 and physical4,20-24 behavior. They help to unravel the 
complex reactivity of heterogeneous catalysts by studying the effect of e.g. particle size, 
shape or even charge state. Gas phase reactivity studies of early TM oxide clusters are 
largely motivated by their relevance for industrial oxidation catalysis.25-37 Such studies 
have provided insight into actual catalytic mechanisms. The adsorption of diatomic 
molecules like hydrogen (H2), nitrogen (N2), or carbon monoxide (CO) on TM clusters 
and the co-adsorption of such molecules are of significant interest due to their relevance 
for industrial processes, e.g. the Fischer-Tropsch or the Haber-Bosch process.38-39 Early 
cluster studies revealed remarkable size- and structure-dependent properties of 
clusters,40-44 and provided insights into the repetitively stated cluster-surface analogy.17, 
39, 45-48 In this so-called “non-scalable cluster size regime”23, 49-50 the found atom-by-atom 
dependent variation superimpose to the gradual, scalable change of cluster properties 
by size.23, 51  
Therefore, knowledge about the exact geometric structure of small and intermediate 
sized clusters would allow fundamental insights into TM cluster properties. The 
reactivity toward small molecules provides an indirect way to determine the cluster 
structure. Based on the number of molecules adsorbed on the cluster surface, 
information on available adsorption sites and consequently on the shape of the cluster is 
received. A molecule can be adsorbed in different sites on a cluster surface (Fig. 1), 
which can vary with coverage, temperature, pressure, and from one crystallographic 
plane to another. In general, molecularly adsorbed species can be bound in atop or 
bridging sites. For instance, CO has been observed in atop, bridge, face, and hollow sites, 
while N2 clearly prefers atop adsorption sites. In the context of CO adsorption to metal 
clusters and of related carbonyl complexes it was shown that adsorbates may be used to 
titrate available surface sites up to saturation for the elucidation of underlying structural 
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motifs.52-53 The chemical probe technique uses the adsorption of small molecules to 
saturate cluster surface sites and to identify adsorption plateaus.54-55  
 
Figure 1. Schematic representation (top view) of different adsorbate 
binding sites for head-on adsorption. There exist several nomenclatures 
for the description of the same adsorbate binding site: (I) atop, 
µ1-coordinated, linearly or terminal bound, (II) twofold coordinated, μ2-
coordinated, or bridge bound, (III) threefold coordinated, μ3-coordinated, 
or face bound and (IV) fourfold coordinated or µ4-coordinated. 
 
The degree of weakening of an adsorbates’ bond strength can be used as a characteristic 
fingerprint for the respective binding site. Vibrational modes of adsorbates on TM 
clusters and in TM coordination complexes as isolated ions can be studied by Infrared 
Multiple Photon Dissociation (IR-MPD).56-58 Shifts in adsorbate frequencies are often 
used for the study of binding sites on TM surfaces, thus the CO molecule may be viewed 
as a classic probe molecule in surface science.59-60 In general, a weakening of the CO 
bond results in a lowering or redshifting of the carbonyl stretch frequency. Most TM 
carbonyls follow this behavior.61-69 The CO stretching vibration probes the metal-ligand 
bonding in a sensitive way: its frequency indicates subtle details of the hosts’ electronic 
structure, and it helps to elucidate its binding site and the geometric binding 
arrangement.70-73  
 
The aim of the research described in this thesis was to obtain fundamental knowledge 
on the interaction of diatomic molecules with charged TM clusters. With the help of gas 
phase infrared (multiple) photon dissociation (IR-(M)PD) experiments in combination 
with density functional theory (DFT) it has been shown that this approach can provide 
cluster size and adsorbate coverage dependent information on cluster surface 
morphologies. 
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The experimental setup and the applied methods used to produce and detect the TM 
clusters are introduced in chapter 2. Chapter 3 addresses the impact of the stepwise 
decrease of CO coverage on a tetranuclear cobalt complex when isolated at low 
temperatures (26 K). A comprehensive characterization of CO adsorption types and 
their specific coverage dependent influence on the transition metal core and spin states 
will be given. The second research part (chapter 4) represents the main component of 
this thesis. A considerable number of N2 adsorption studies on naked cationic TM 
clusters and IR spectroscopic studies on their respective cluster adsorbate complexes 
have been performed. The combination of these studies has provided information on 
metal-adsorbate bonding and has unraveled structure-reactivity relationships. We 
compare our results to experimental and theoretical studies, which aim to gain insight 
into TM cluster structures and adsorption behavior. The thesis will be concluded by a 
summary of the presented results and an outlook on future experiments. 
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2. EXPERIMENTAL METHODS AND SETUP 
 
2.1 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
The functional principle of the cyclotron was first described in the 1930’s by 
Lawrence.1-3 It has been the basis for the development of modern ion cyclotron 
resonance (ICR) mass spectrometers since 1949.4 An enormous performance increase 
became possible by the introduction of Fourier Transform Mass Spectrometry (FT-MS) 
in 1974 by Comisarow and Marshall5-6 and the combination of FT-ICR devices with 
superconducting magnets.7-9 
The most important component of an ICR mass spectrometer is the ion trap (ICR cell, 
or Penning trap), which is located in a strong homogeneous magnetic field. This field is 
used to trap the ions on circular paths in the ion trap. They undergo two opposing 
forces, the Lorentz and the Centrifugal force: 
 =  (Eq. 2.1) 
	
 =   (Eq. 2.2) 
 FL Lorentz force 
 Fcf Centrifugal force 
 q charge of the ion (q = z∙e) 
 z number of charges 
 e elementary charge 
 vxy velocity of the ion in the xy plane 
 B magnetic field 
 m ion mass 
 r radius of the ion’s orbit 
 
If the ions are in balance on these trajectories, they experience an angular velocity ωc. 
The cyclotron frequency fc is proportional to the mass to charge (m/z) ratio but 
independent of the initial ion velocity in the xy-plane. 
	 = 2	 =  =   (Eq. 2.3) 
	 =  (Eq. 2.4) 
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An ICR cell typically consists of at least six plates (Fig. 2.1). The two excitation plates 
are facing each other and provide the radio frequency for the alternating electric field. A 
frequency sweep is applied to the excitation plates to accelerate the ions. As a result, 
their orbits increase while they retain their specific cyclotron frequency. The spectrum 
is recorded by measuring an image current induced in the two detection plates when the 
ions pass by the plates. The cell also has a front and a back plate for trapping. The ions 
enter the cell through the front plate and are trapped along the z-axis by an electrostatic 
field. 
 
Figure 2.1.10 Sketch of an ICR cell (design: Bruker Infinity CellTM):  
(1) front trapping plate, (2) excitation plate, (3) detection plate, (4) back 
trapping plate. 
 
The movement of the ions in the trap is composed of several components: the axial 
movement, which is called trapping motion with the frequency ωz, the radial movement 
(superposition of the modified cyclotron movement) with the frequency ω+ and the 
mass independent magnetron motion with the frequency ω- (Fig. 2.2). The frequencies 
of the ionic movements are determined by the trapping parameters, i.e the magnetic 
field strength B, the trapping potential Udc and the dimension d of the trap, as follows: 
 =   (Eq. 2.5) 
  !"! =

 (Eq. 2.6) 
④ 
② 
① 
③ 
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#  	 − !"! = 	 −

 (Eq. 2.7) 
 <  < # (Eq. 2.8) 
 
Figure 2.2.11 Representation of the ion motions within an ICR cell, the 
resulting form of the trajectory during the capture process and its 
projection on the xy-plane. 
 
2.2 The FRITZ Setup 
The “FRITZ” setup is a modified Fourier Transform Ion Cyclotron Resonance mass 
spectrometer. It is based on a commercially purchased Bruker Apex Ultra FT-ICR. 
Modifications present as an electrostatic quadrupole ion beam bender for multiple 
source attachments, in this setup the Laser VAPorization (LVAP) cluster ion source and 
the ElectroSpray Ionization (ESI) source. The FRITZ setup also contains two 
cryogenically cooled ion traps, the hexapole collision cell and the ICR cell (Fig. 2.3). In 
our experiments the hexapole serves as ion trap for kinetic investigations and the ICR 
cell serves as ion trap, mass separator and mass analyzer at once. 
In order to carry out measurements in the low-temperature range, the mass 
spectrometer was equipped with two cryostats. The hexapole collision cell is located in 
the high vacuum region on the axis of the magnetic field. The trap is connected to the 
2. Experimental Methods and Setup 
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second stage of a 4 K two-stage closed cycle He cryostat (Sumitomo SRDK-101E, 
compressing unit HC4E). The temperature is monitored by two temperature sensors 
(LakeShore, CernoxTM CX-1050-CO-HT-P-1.4M, calibrated from 1.4 – 420 K), one on each 
cooling stage. Temperature adjustment is achieved by heating resistors (Catridge 
Heater, Janis Research, R = 50 Ω), controlled and monitored by a temperature controller 
(LakeShore, Model 336).  
The ICR cell is located in the high field region (B = 7 T) of a superconducting solenoid. 
The trap is connected to a 10 K two-stage closed cycle He cryostat (Sumitomo SRDK-
408S2, compressing unit W-71D). Shielding for radiative heating of the trap is achieved 
by two actively cooled and three passive shielding tubes.12 Three temperature sensors 
(LakeShore, CernoxTM, calibrated from 4 ‒ 325 K) distributed over the cryogenic setup 
monitor the temperature within the ultra-high vacuum region. 
 
Figure 2.3.10 Schematic drawing of the FRITZ setup, a modified FT-ICR 
mass spectrometer. Here, the ESI source (1) is shown on the magnetic 
field axis. In the actual setup the ESI source is located at a 90 ° angle to the 
magnetic field axis, opposing the LVAP cluster ion source (2). The ions are 
bend on the magnetic field axis by the quadrupole ion beam bender (3), 
mass selected in a quadrupole mass filter (4), stored in the hexapole 
collision cell (5) and transferred to the ICR cell (6). Both ion traps are 
cryogenically cooled by two stage-closed cycle He cryostats (7). 
⑥ 
⑦ 
⑤ ④ ③ ② 
① 
 - 13 - 
Two ion sources are attached for the investigation of a wide range of transition metal 
containing ions (cf. Fig. 2.4). In addition to a commercially available ESI source (Bruker 
Daltonics, Apollo II), a homebuilt LVAP source serves for the generation of bare metal 
clusters. Both ion sources are connected by a homebuilt gate valve which allows for the 
independent operation of the individual vacuum systems, respectively. The ions are 
guided into a homebuilt electrostatic quadrupole ion beam bender by several ion optics, 
attached to the gate valves. The ion beam produced by either one of the ion sources is 
bent by 90 ° onto the magnetic field axis and transferred into the first ion trap, the 
hexapole collision cell. A linear quadrupole mass filter prior to this trap serves for mass 
selection. Reaction and/or collision gas is injected into the ion trap by either a pulsed or 
a leak valve. After a variable storage time (usually 0 – 30 s), the accumulated ions are 
transferred to the ICR cell. 
 
Figure 2.4. Sketch of the ion sources and respective ion optics up to the 
cryogenically cooled hexapole collision cell: (1) ESI source, (2) LVAP 
cluster ion source, (3) and (5) ion optics, (4) ion beam bender, (6) 
quadrupole mass filter, (7) hexapole collision cell. 
③ 
① 
② 
③ 
⑤ ⑥ ⑦ 
④ 
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Electrospray Ionization (ESI) Source 
Electrospray ionization mass spectrometry has become one of the most important 
techniques in modern mass spectrometry.13-15 The electrospray ionization is a gentle 
process to transfer ions from solution into the gas phase. Electrospray as a method to 
nebulize a liquid sample by means of an electric field is a known technique. The 
underlying physical effect was first described in 1964 by Taylor.16 Only a few years later 
Dole speculated on the generation of molecular beams of large molecules using this 
technique.17 In the 1980s Fenn and his group succeeded in transferring large molecules 
as ions into the gas phase without destroying them18-20 and the importance of this 
achievement was underlined by the bestowal of the Nobel-Prize to John Fenn in 2002.21 
The fundamentals of ESI ion formation can be found in the literature.20, 22-24 Next to 
proteins with a very high mass to charge ratio,25-27 ESI is also very efficient in creating 
ionic species of smaller transition metal adsorbate complexes,28-30 which will be 
investigated in the course of this study.  
We use a commercially available ESI source (Bruker Daltonics, Apollo II, cf. Fig. 2.5). 
The dissolved sample is introduced through the nebulizer assembly into the spray 
chamber, where it is subject to the ESI process by means of an electrical field between 
the inner chamber wall and the spray shield. 
 
Figure 2.5.31 Schematic drawing of the Bruker Apollo II ESI source 
chamber and transfer. (1) sample inlet, (2) nebulizer gas inlet, (3) spray 
needle, (4) spray shield, (5) dry gas flow, (6) glass capillary. 
① 
② 
③ ④ ⑤ 
⑥ 
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HamiltonTM gas tight syringes (0.5 ml) placed in an automated syringe pump serve to 
inject the sample solution (~ 1 x 10-4 mol/l) into the spray needle through a peak 
capillary. Heated drying gas (N2, 220 °C) facilitates the evaporation of solvent molecules. 
The ions enter the vacuum chamber through a dielectric glass capillary (Ø 0.5 mm, 
length 160 mm). The capillary is coated with platinum at both ends to apply an 
additional transfer gradient. From the capillary exit the ions are deflected into the first 
of two ion funnels, with the assistance of a deflector. The entrance of the first ion funnel 
is biased with 150 V. Along the length of this first funnel the voltage is dropped from 
150 V down to its last element - skimmer 1 – at 30 V forming an electric field, which 
pushes the ions in forward direction. At the same time the RF field applied to the first 
funnel together with collisions helps focusing the ions to pass through the aperture of 
skimmer 1. By increasing the skimmer 1 voltage, so-called in source collision induced 
dissociation (in source CID) can be achieved. After passing skimmer 1 the ions enter a 
second funnel leading to skimmer 2. Passing through the second skimmer, the ions enter 
the source hexapole, which can be used to accumulate ions between skimmer 2 and the 
extract electrode of the hexapole. 
 
Laser Vaporization (LVAP) Cluster Ion Source 
Within the FRITZ setup, the investigated cationic transition metal clusters are 
produced by a homebuilt LVAP cluster ion source.32-33 The major components of this 
source are a homebuilt piezo electric valve,34 an expansion/ interaction region and an 
expansion channel (Fig 2.6).  
Within the interaction region, the second harmonic (532 nm) of a Nd:YAG laser 
(Innolas, Spitlight300, 20 Hz) is focused on a rotating foil comprising of the metal of 
interest. The thickness of this foil varies between 0.1 and 0.5 mm. The laser pulse 
creates a plasma at the surface of the rotating metal foil. This plasma contains neutral 
atoms as well as cationic and anionic species. A homebuilt piezo electric valve creates a 
transverse He gas pulse, which captures the hot plasma. The valve operates with a 
backing pressure of 15 ‒ 20 bar, a repetition rate of 20 Hz and an opening time of 
approximately 40 µs. The gas pulse expands into a vacuum chamber with a pressure of 
about 3 x 10-7 mbar raising this pressure up to 2 x 10-4 mbar. The expanding gas cools 
down the atoms and ions created in the plasma and cluster formation starts. Cluster 
formation completes within the expansion channel. Clusters in the size range of 2 to 40 
atoms per cluster are created. Variation of backing pressure, valve opening time and 
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laser-valve-delay serves to influence the intensity maximum in the created cluster size 
distribution. The cluster charge state of choice is selected by applying according voltages 
to extract the ionic clusters from the source region.  
 
 
Figure 2.6.10 Schematic drawing of the LVAP source: (1) gas inlet, 
(2) piezoelectric valve, (3) expansion/interaction region, (4) expansion 
channel, (5) mesh. 
 
The cobalt foil was purchased form Alfa Aesar (purity 99.95 %). Iron and nickel foils 
were purchased as mono isotopic materials from Oak Ridge National Lab (Fe-56, purity 
99.93 %; Ni-58, purity 99.61 %).  
  
② ① ③ ④ ⑤ 
532 nm 
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2.3 Isothermal Cryo Kinetics of Cationic Transition Metal Clusters 
We investigate the stepwise N2 adsorption on size selected transition metal clusters at 
cryogenic temperatures (30 K and below). The ions are generated within the LVAP 
source and transferred into the cryogenically cooled hexapole collision cell (Fig. 2.8). 
Buffer and reaction gas are introduced continuously. Sufficient nitrogen attachment is 
achieved by increasing the pressure in the ion trap up to 5.0 x 10-7 mbar. Additional He 
is introduced to accomplish an efficient trapping and cooling of the ions. 
 
Figure 2.8. Sketch of the modified hexapole collision cell. Separate gas 
inlets ensure the connection of pre-cooled and warm gas lines. 
 
After storing the mass-selected ions for a variable time (0 ‒ 30 s), the manipulated 
ions of the form [Mn(N2)m]+ are guided by electrostatic lenses into the FT-ICR cell. A 
reaction can be proven by the appearance of additional masses in the mass spectrum 
and simultaneous decrease of the intensity of the former parent ion. 
Relative Rate Constants 
Multiple mass spectra are recorded while varying the reaction delay (ion storage time 
in the hexapole collision cell). For kinetic investigations the ICR cell serves for the 
detection of the formed [Mn(N2)m]+ cluster adsorbate complexes. The ICR cell is held at 
temperatures below 10 K to prevent heating of the clusters by black body radiation 
prior to ion detection. The kinetic curves of cationic TM clusters and their nitrogen 
adducts originate from reaction delay scans and subsequent evaluation of the recorded 
mass spectra. Fits to pseudo-first-order-kinetics occur through the “evofit” program.35 
Fitting the experimental kinetics implies the quantitative determination of relative rate 
collision cell 
gas inlets 
cold head 
1st stage: 3 W 
2nd stage: 0.15 W 
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constants for N2 adsorption for each step m → m+1, and for N2 desorption for each step 
m+1 → m alike: 
[./(1)]# +  1     
   6(7,9)     :;;;;;<
6=(7,9>?)@;;;;;A
     [./(1)#B]# (Eq. 2.9) 
Absolute Rate Constants 
The classical Langevin collision rate of ions with neutrals36 is conveniently extended 
towards polar molecules by the average dipole orientation theory (ADO).37-38 The ADO 
theory gives the theoretical limit of the absolute rate constants, the collision rate kADO, 
based on a classical trajectory of a linear dipole in the field of a point charge:  
CDEF = εG√I  J√K + LμE

6NOP (Eq. 2.10) 
µ is the reduced mass (of the cluster adsorbate complex), α is the polarizability and μD is 
the dipole moment (in Debye). The parameter c lies between 0 and 1, and can be 
expressed by the polarizability volume α'and μD.39 
This ADO theory is frequently used to calculate the reaction rates of charged clusters 
with small molecules, knowingly underestimating the reaction rates for charged metal 
clusters significantly.33, 40-41 Kummerlöwe and Beyer introduced two models for 
calculating the collision rates of ionic clusters with neutral molecules, the hard sphere 
average dipole orientation model (HSA) and the surface charge capture (SCC) model.42 
In both models, the cluster and the neutral reaction partner are treated as hard spheres, 
and the charge is treated as point charge. For the HSA collision rate kHSA, the charge is 
located in the center of the cluster, while in the SCC model (kSCC), the charge is drawn to 
the cluster surface by the attractive interaction with the neutral collision partner.  
The relative rate constants k(n,m) determine the absolute rate constants C(/,)QRS , the 
absolute collision gas number densities TU(V) serving as the conversion factor: 
 C(/,)QRS = C(/,)/TU(V) (Eq. 2.11) 
We obtain approximate values for TU(V) indirectly from the pressure in the 
surrounding chamber pc(300 K) and an effective geometry factor capp: 
TU(26 Y) = 	Z[[\
]GG ^
6NO]GG ^  (Eq. 2.12) 
 - 19 - 
The geometry factor capp shows to bear a significant dependence on the temperature of 
the hexapole ion trap. By numerous kinetic studies of transition metal cluster cations 
with neutral reactants at cryogenic temperatures we evaluated this factor capp to 
1.8 ± 0.4 at 26 K with a net uncertainty of ± 50%. The quotient of the absolute rate 
constants and the collision rate enables us to calculate the absolute reaction efficiency _ 
for the adsorption of N2 by transition metal clusters. This absolute reaction efficiency 
indicates the probability of a reaction occurring after a collision between a transition 
metal cluster ion and its reaction partner. 
_ =  6Z`a6bcc (Eq. 2.13) 
Note that the case of N2 adsorption makes reaction efficiencies equivalent to sticking 
probabilities as defined in conjunction with surface science. 
 
2.4 Infrared Multiple Photon Dissociation 
Direct absorption measurements on transition metal (TM) cluster complexes in the 
gas-phase are difficult due to the low number densities of typical ion experiments which 
do not provide for sufficient optical density. More elaborate schemes of indirect 
detection of photonic absorptions have been developed, such as so-called consequence 
or action spectroscopy.43-45 The InfraRed Multiple Photon Dissociation (IR-MPD) is one 
of these advanced techniques.46-47 The IR absorption spectrum can be reconstructed by 
recording the photo induced fragmentation yield as a function of photon frequency. 
IR-MPD experiments on gas-phase species were initially performed in a limited spectral 
range (~ 900 ‒ 1100 cm-1) using line-tunable CO2 lasers.48-50 It has proven helpful to 
study the vibrational modes of adsorbates on transition metal clusters and in TM 
coordination complexes as isolated ions by IR-MPD.51-54 This method has further gained 
by the introduction of tunable free electron lasers (FEL).55-57 Cryo IR-action 
spectroscopy achieves significant advances by so called tagging or messenger 
techniques where weakly bound species serve to provide for a preferred fragmentation 
channel, sometimes driven by single photon absorption.58-59 IR-MPD bears the intrinsic 
risk of power broadening, either by the use of free electron lasers or of table top Optical 
Parametric Oscillator/Amplifier (OPO/OPA) systems.53, 55, 60-62  
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Optical Parametric Oscillator / Amplifier (OPO/OPA) 
An optical parametric oscillator (OPO) is a coherent light source consisting of an 
optical resonator and a nonlinear optical crystal. It is based on the optical gain from 
parametric amplification in this crystal, rather than from stimulated emission.63-64 
Nonlinear optical crystals provide for the generation of second-harmonic frequencies 
(or higher).65 The crystal allows for the conversion of an intense laser wave of one 
frequency into two output waves (signal and idler waves) by means of second order 
nonlinear optical interaction. The wave with the higher frequency is called signal. The 
outgoing waves are influenced by the heat and refraction index of the crystal. A tunable 
laser output is achieved by changing the angle of the crystal according to the axis of the 
incident light.66 An optical parametric amplifier (OPA) allows for the amplification of the 
idler wave from the output of the OPO. 
Within this work, a Dean Guyer OPO/OPA (LaserVision) laser systems has been used to 
convert the fundamental (1064 nm) of a pulsed injection seeded Nd3+:YAG laser 
(Continuum-PL8000; 10 Hz) into tunable IR radiation (Fig. 2.9). A beam splitter 
separates the incoming pump beam into two beam lines. One third of the original 
intensity is frequency doubled (532 nm), and the resulting wave serves as input for the 
OPO resonator. The resonator contains two potassium titanyl phosphate (KTP) crystals, 
which convert the 532 nm wave into a signal 1 and an idler 1 wave. A silicon filter 
separates the higher energetic signal 1 wave, while the remaining idler 1 wave serves as 
input for the amplifier. Within the OPA the idler 1 wave is recombined with the residual 
two thirds of the original 1064 nm pump wave. 
 
Figure 2.9. Scheme of the LaserVision broadband OPO/OPA laser system. 
Lines indicate the pathway of the incoming and arrows of the outcoming 
laser beam. 
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The OPA consists of four potassium titanyl arsenate (KTA) crystals. During the 
amplification process, the original pump wave is converted into a signal 2 and an idler 2 
wave. The idler wave of the OPO output (idler 1) determines the wavelength of the 
signal 2 wave (Fig. 2.10). 
 
 
Figure 2.10. Schematic representation of the stepwise frequency 
conversion process of the LaserVision OPO/OPA laser system. A 
potassium titanyl phosphate (KTP) crystal serves for second harmonic 
generation (2ω). Two additional KTP crystals serve for the optical 
parametric oscillator (OPO) process. Four potassium titanyl arsenate 
(KTA) crystals serve for the optical parametrical amplification (OPA) 
process. Difference frequency mixing (DFM) is achieved by the AgGaSe2 
crystal. 
 
The spectral range of the resulting idler 2 is between 2400 and 4700 cm-1, the 
resulting signal 2 exhibits a range from 4700 – 7400 cm-1. Since these two waves exhibit 
different polarizations, a suitable filter can be used to separate them. If those two waves 
are recombined within a difference frequency mixing (DFM) crystal (AgGaSe2) a spectral 
range from 1000 – 2400 cm-1 is accessible. The OPO/OPA output provides energy up to 
15 mJ/pulse. Using the DFM, the power is much lower (approximately 1 - 2.5 mJ/pulse). 
The intensity of the OPO/OPA output is controlled by a variable attenuator (λ/2-plates) 
in the light path of the linear polarized 1064 nm beam, respectively.  
The LaserVision KTP/KTA optical parametric oscillator/amplifier system pumped by a 
10 Hz injection seeded Nd3+:YAG laser provides tunable IR radiation in the range of 
1000 and 7400 cm-1.   
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2.5 Computational Methods 
The comparison of experimental data with quantum chemical calculations has become 
inevitable. Much effort has been spent in the computational prediction of molecular 
properties. One approach for modeling the electronic ground state properties of many-
body systems is the density functional theory (DFT),67-69 which is based on the electron 
density in the ground state. During the calculations the geometry of the molecule is 
energy optimized. Not only characteristic atom-atom bond lengths or angles can be 
extracted out of the geometry, also vibrational spectra can be predicted. 
The idea of using the electron density as the basic variable for the description of a 
molecules’ energy goes back to the approximations of Thomas70 and Fermi71 in the 
1920’s. DFT was first placed on a solid theoretical basis with the introduction of two 
theorems by Hohenberg and Kohn.72 In 1964, they argued that the ground state 
properties of a many-body system with N electrons are uniquely determined by the 
position-dependent electron density. Through the use of functionals of the electron 
density, the many-body problem of N electrons with 3N spatial coordinates reduces to 3 
spatial coordinates. Only one year later, Kohn and Sham demonstrated that the electron 
density of an interacting system could be obtained from simple one-electron theory.73 
Instead of solving the Schrödinger equation for the whole N particle system, N 
one-electron Schrödinger equations are solved, the Kohn-Sham equations. The 
exchange-correlation (XC) term can e.g. be approached by the local density 
approximation (LDA), in which the density at a local point is assumed to be uniform. The 
generalized gradient approximation (GGA) on the other hand incorporates the local 
change in density. The use of hybrid functionals  ̶ combining GGA methods with partially 
calculating exchange energy according to the Hartree-Fock-formalism  ̶ has become very 
popular. Despite the longer calculation effort the results are more precise.  
Within this work, all energetic and structural calculations were performed using the 
ECCE (Extensible Computational Chemistry Environment) interface74 to submit and 
monitor calculations running with the Gaussian 09 program package.75 The specific use 
of basis sets and functionals will be indicated within the according chapters. The 
calculations were gratefully performed on the computing clusters of the TU 
Kaiserslautern, which are under the supervision of the group of Prof. Ch. vanWüllen. 
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3. VIBRATIONAL FINGERPRINTS OF LIGATED TETRANUCLEAR COBALT 
CLUSTERS 
 
 
In this chapter I present the results on gas phase IR-(M)PD investigations on isolated 
tetranuclear cobalt carbonyl and mixed cobalt carbonyl/dinitrogen clusters in the 
respective vibrational stretching ranges when isolating these clusters at low 
temperatures (26 K and below). The results on the influence of the CO ligands on the 
structure and the spin multiplicity of the Co4 core are introduced, discussed and 
concluded in a published paper manuscript. My contributions to the presented 
manuscript are stated prior to the manuscript. The results on the mixed CO/N2 clusters 
were not part of the publication and are presented in chapter 3.2. 
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3.1 Publication: “Vibrational fingerprints of a tetranuclear cobalt 
carbonyl cluster within an ion trap”  
 
The following work has been published at the Journal of Molecular Spectroscopy with 
the title: “Vibrational fingerprints of a tetranuclear cobalt carbonyl cluster within an ion 
trap”. 
 
 
The experiments were performed by Sebastian Dillinger and myself. The data evaluation 
was done by myself. The computations were performed by Johannes Lang and Marc 
Prosenc. The initial paper draft was put together by myself. P. Braunstein and 
G. Niedner-Schatteburg were involved in the revision of the manuscript. 
 
 
 
 
Full reference to the publication: 
 
JENNIFER MOHRBACH, JOHANNES LANG, SEBASTIAN DILLINGER, MARC H PROSENC, PIERRE 
BRAUNSTEIN, AND GEREON NIEDNER-SCHATTEBURG, Vibrational fingerprints of a tetranuclear 
cobalt carbonyl cluster within an ion trap, Journal of Molecular Spectroscopy, 2017, 332, 
103-108. 
 
http://dx.doi.org/10.1016/j.jms.2016.11.008 
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Vibrational Fingerprints 
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Jennifer Mohrbacha, Johannes Langa, Sebastian Dillingera, Marc Prosenca,  
Pierre Braunsteinb, and Gereon Niedner-Schatteburga  
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3.1.1 Abstract 
We present well resolved (∆ν  = 3 cm-1) Infrared Multiple Photon Dissociation 
(IR-MPD) spectra of [Co4(CO)n(dppa-H+)]- (n = 3 - 10, dppa = NH(PPh2)2) in the carbonyl 
stretching range when isolating these species at low temperatures (26 K and below). We 
utilize IR-MPD in conjunction with DFT calculations to investigate the influence of CO 
ligands on structure and spin multiplicity of the Co4 core. The recorded spectra reveal 
multiple bands of CO stretching vibrations which shift by reduction of CO coverage. This 
indicates an according change of coordination motifs, and we find a conclusive 
interpretation of all recorded IR features in the case of the saturated n = 10 compound, 
likely in a singlet state as in solution. We tentatively postulate a singlet/triplet to quintet 
spin-flip upon removal of the first one or two CO ligands (from n = 10 to n = 9, 8) as well 
as a conceivable isomerization at a particular CO coverage (n = 6). 
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3.1.2 Introduction 
High resolution mass spectrometry is currently known mostly for its favourable 
application in analytics, often associated with key words like genomics, proteomics, 
metabolomics or petroleomics.1-3 Other than that, high resolution MS is convenient for 
the spectroscopic investigation of small to medium sized species (m/z < 5000 amu/e 
and/or up to 200 atoms) when these form individual ions in vacuum. Direct absorption 
spectroscopy would fail at the number densities of typical ion experiments which do not 
provide for sufficient optical density. It is of help to invoke instead more elaborate 
schemes of indirect detection of photonic absorptions, such as so-called consequence or 
action spectroscopy.4-6 IR-MPD is one of these advanced techniques.7-8 It bears the 
intrinsic risk of power broadening, either by the use of free electron lasers or of table 
top Optical Parametric Oscillator/Amplifier (OPO/OPA) systems.9-13 Contemporary IR-
action spectroscopy achieves significant advances by so called tagging or messenger 
techniques where weakly bound, largely inert species (small rare gases and/or H2) serve 
to provide for a preferred fragmentation channel, sometimes driven by single photon 
absorption.14-16 Somewhat stronger bound messengers (Ar, Kr, Xe, CO, N2) often 
preserve structures of the hosting species, while their influence onto spectral features 
allows for additional insights. 
Notably, most of the current IR-MPD and messenger/tagging spectroscopic studies 
take place through single pulse illumination of mass selected ion packages “on the fly” 
prior to or within Reflectron-Time-Of-Flight (ReTOF) mass spectrometer setups. Only 
recently, experiments started to combine the advantages of ion trapping and IR-
MPD/tagging experiments. 
Carbon monoxide is one of the most widely studied ligands in surface and cluster 
science. Transition Metal (TM) carbonyls are of major significance in organometallic and 
inorganic chemistry, and they provide classic examples of metal–ligand bonding.17-21 TM 
cluster carbonyls act as versatile catalysts,18, 22 they serve as model systems for the 
study of chemisorption on highly curved surfaces,23 and as precursors for the 
production of nanoparticles.24 
The CO stretching vibration probes the metal-ligand bonding in a sensitive way: its 
frequency indicates subtle details of the hosts electronic structure, and it helps to 
elucidate its binding site and the geometric binding arrangement.25-2627-28 Shifts in CO 
frequencies are often used for the study of binding sites on TM surfaces, and the CO 
molecule may be viewed as a classic probe molecule in surface science.23, 29 Vibrational 
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CO shifts are usually discussed in terms of the Dewar-Chatt-Duncanson model, that 
explains coordinative complexation to single TM centers,30-31 or in terms of the 
Blyholder model, when interpreting surface coordination.32 Both models describe CO 
coordination in terms of a donor-acceptor-synergism as follows:  The carbonyls C-atom 
donates electron density from the doubly occupied carbon lone pair σ-orbital along the 
M–C–O axis into empty TM d orbitals; the coordinating TM center(s) donate(s) back 
electron density from its (their) occupied d-levels (or d-bands) into one of the 
antibonding π* orbitals of the CO. Combined effects of σ donation and π back-bonding 
most often lead to a weakening of the CO bond and consequently to a lowering or red-
shifting of the carbonyl stretch frequency. Most TM carbonyls follow this “classical” 
behavior, although examples are known for “non-classical” metal carbonyl complexes, 
their main feature being a blueshift in CO stretch which is now understood in terms of 
an interplay between π-back donation and electrostatic effects.33-41 The study of in situ 
generated TM clusters helped to elucidate the influence of net charge and oxidation state 
(+/0/-) onto the single molecule CO adsorption in terms of a charge dilution model.42 
Thermochemical insights – such as Co-CO binding enthalpies and more - arose from a 
sophisticated combination of ionization and dissociation experiments of atomic cobalt 
ion carbonyl complexes with ab initio calculations.4344 The IR-MPD studies of such 
complexes revealed an induced spin quenching (triplet to singlet) upon an increase of 
CO coordination (n = 4 to 5).36 
The obvious progress in the elucidation of carbonyl complex structure and bonding 
has brought with it several nomenclatures for the description of the prevailing 
coordination motifs: Bonding/coordination of a single CO molecule via its C-terminus to 
a single metal or TM center – irrespective of the metal coordination to its neighbours if 
any – has been termed as: terminal, end on, on top, atop, s1, µ1, µ1, and η1 – this listing 
not claiming completeness. For reason of simplicity, we will exclusively utilize the term 
“terminal” CO and the label COterm in the following. Bonding/coordination of a single CO 
molecule via its C-terminus to two metal or TM centers has been addressed by: bridging, 
s2, µ2, µ2, “in between”. We will exclusively utilize the term µ2-CO. The third likely 
coordination motif of CO involves three metal or TM centers in bonding/coordination. 
This motif has been labeled as: capping, on hollow, s3, µ3, and µ3. We likely do not see 
this motif in our present study. When appropriate we will discuss it in terms of µ3-CO. 
In our current ion trapping spectroscopic study, we investigate the tetranuclear cobalt 
carbonyl complex [Co4(CO)10dppa]45 which is stabilized by the well-established 
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diphosphine short-bite bridging ligand µ2-dppa (cf. Scheme 1, dppa = NH(PPh2)2).46 IR 
spectra of the complex (from KBr plates and in solution) reveal seven bands in the 
1930–2070 cm-1 range and three bands in 1770–1860cm-1 range, arising from terminal 
and µ2-CO ligands. This is consistent with a Cs molecular symmetry. 
 
Scheme 1: Molecular structure of the neutral tetranuclear cluster 
[Co4(CO)10dppa] (dppa = NH(PPh2)2). The complex consists of a Co4 core, 
three µ2-CO and seven terminal CO ligands. The dppa ligand bridges two 
basal cobalt atoms. 
The complex finds application in the preparation of TM phosphides, which is generally 
not easy and otherwise requires the direct combination of elements at high temperature, 
the reaction of toxic phosphide with metal or metal hydride, or metal organic chemical 
vapour deposition techniques. Instead, pure cobalt phosphide nanoparticles can be 
obtained from [Co4(CO)10dppa] by anchoring and thermal treatment.47-49 The 
[Co4(CO)10dppa] complex moreover may serve as a model system for the stepwise 
regioselective elimination of CO ligands from a metal cluster.  The dppa ligand in 
[Co4(CO)10dppa] stabilizes the Co4 core and orients further cluster functionalization by 
selective CO substitution. A second dppa ligand or a N-functionalized dppa ligand would 
bridge that metal–metal bond which is opposite to that spanned by the first dppa 
ligand.47-49 The regioselective CO elimination would allow  e.g. for the specific anchoring 
of this metal complex within a nanoporous membrane.50  
In this study, we strive for fundamental insight in its own right from the stepwise CO 
elimination off anionic derivatives of the [Co4(CO)10dppa] complex by Collision Induced 
Dissociation (CID) and by IR-MPD investigations, in conjunction with Density Functional 
Theory (DFT) modelling of the anions geometries, spin couplings and force constants. 
The Co4 core within these anions might be viewed as a highly curved nano-sized metal 
surface. Upon adoption of this analogy, it seems appropriate to view the stepwise 
detachment of CO ligands from the complex as a change in CO surface coverage. 
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3.1.3 Experimental and computational methods 
We utilized a customized Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass 
spectrometer (Apex Ultra, Bruker Daltonics) equipped with an Electrospray Ionization 
(ESI) source (Apollo 2, Bruker) and a home-built laser vaporization cluster ion source 51 
52 (Fig.1).  
 
Figure 1: Schematic drawing of our dual source tandem cryo trap FT-ICR 
MS setup. Ions are generated either in a Laser VAPorization (LVAP) source 
or in an Electro Spray Ionization (ESI) source. Either type of ions are 
injected into the first ion trap (cryo hexapole) via a switchable 90° ion 
bender and a quadrupole mass filter (QP). Buffer and reaction gases are 
introduced either pulsed or continuously. The cryo cooled ions and their 
reaction products are guided into the cryo ICR-cell, where they are 
isolated, irradiated by IR laser pulses and detected. 
The molecular precursor complex [Co4(CO)10dppa] was synthesized from [Co4(CO)12] 
and characterized by its IR (from KBr plates and in solution) and 1H/31P NMR spectra.45 
Sample solutions of the [Co4(CO)10dppa] complex in acetonitrile at the concentration of 
1 x 10-4 mol/l were used without further purification and continuously infused into the 
ESI source by a syringe pump at a flow rate of 2 µL min-1. The ion source was set to 
negative electrospray ionization mode. Nitrogen was used as drying gas with a flow rate 
of 3.0 L min-1 at 200°C. The solutions were electro-sprayed at a nebulizer flow of 
1.5 L min-1 and the spray shield was held at 3.6 kV. We obtained the deprotonated 
complex [Co4(CO)10(dppa-H+)]-, abbreviated [Co4(CO)10L]- in the following. In the ESI 
source, the ions may undergo Collision Induced Dissociation (CID) on demand. The 
successive elimination of up to seven CO ligands is achieved by stepwise increase of the 
skimmer voltage (at the first ion funnel) from -25 to -95 V (in source CID). Further 
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increase of the funnel voltage did not enhance the elimination beyond seven CO ligands. 
We mass selected individual members from the resulting series of fragments 
[Co4(CO)nL]- (n = 3 - 9) and guided those into a 26 K hexapole ion trap. The ion trap is 
cooled by a closed cycle helium cryostat and held at 26 K for the measurements. Buffer 
(He) gas was introduced continuously. The pressure is increased from 1.7 x 10-7 mbar up 
to 3.0 x 10-6 mbar to accomplish efficient trapping and cooling of the ions. The cryo 
cooled ions are guided by electrostatic lenses into the FT-ICR cell of the so-called 
‘‘infinity’’ type.53 This cell is cooled to a temperature of about 10 K with a closed cycle 
helium cryostat to prevent heating of the clusters by black body radiation. The ICR cell is 
used for trapping, isolation and detection of the ions. It is coupled to a tuneable pulsed 
IR laser (∆ν = 0.9 cm-1, ∆t = 7 ns) to record IR-MPD spectra of isolated [Co4(CO)nL]- 
(n = 3 - 10) complexes. Fragmentation of the isolated species (CO elimination) indicates 
the absorption by a resonant vibrational frequency (Fig. 2, a). The laser power was 
attenuated for n = 6 - 10 in the range from 1850 cm-1 to 2050 cm-1 to prevent excessive 
fragmentation. In the case of [Co4(CO)nL]- (n = 4-10) the only observed fragmentation 
channel was the loss of CO. In the case of [Co4(CO)3L]- the only observed fragment 
(395 m/z) may be assigned to [Co4(CO)3NP2]- due to the loss of all four phenyl groups 
from the dppa ligand. Addition of N2 gas in the cryo hexapole results in N2 adsorption to 
coordinatively unsaturated [Co4(CO)nL]- (n = 6, 8) complexes. These N2 complexes are 
isolated in the ICR cell and illuminated by infrared laser pulses. Here, the photo induced 
loss of N2 indicates a resonant excitation of the complex (Fig. 2, b). Note, that the modest 
mass difference between CO and N2 of about 0.01 amu can be accurately resolved with 
our experimental setup. 
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Figure 2: Mass spectra illustrating the experimental methods. The ESI 
source delivers [Co4(CO)10L]- (899 m/z). Subsequent CID yields a series of 
under-coordinated [Co4(CO)nL]- (n = 3-9) complexes via successive 
decarbonylation. After isolation one of these, the ions of choice are 
trapped and cryo cooled within the RF hexapole ion trap (a,b). Optional N2 
gas intake may result in the adsorption of one N2 molecule to distinct 
complexes, n = 6, 8 only (blue spectra, b). Either type of ions (with or 
without N2 attached) are guided into a 10 K ICR cell, isolated, irradiated by 
IR laser pulses, and analyzed for their fragments. 
The IR laser is a KTP/KTA optical parametric oscillator/amplifier (OPO/A, 
LaserVision) system pumped by a pulsed 10 Hz injection seeded Nd3+:YAG laser 
(Continuum, Powerlite DLS 8000). In this work we used the difference frequency (DF) 
between the OPA signal and idler waves generated in a AgGaSe2 crystal (0.1 – 1.2 mJ per 
pulse). We recorded IR-MPD spectra in the range of 1500–2300 cm-1. Each trapped and 
isolated package of ions is irradiated by 15 laser pulses to yield a sufficient amount of 
fragment ions. The IR spectra were recorded as mass chromatograms while 
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continuously scanning the IR frequency (typically < 0.2 cm-1/s). The IR-MPD signal was 
evaluated as ΣiFi/(ΣiFi + ΣiPi), where Fi and Pi indicate the fragment and the parent ion 
signals, respectively. An experimental IR-MPD spectrum arises from a plot of the 
fragmentation efficiency as a function of laser frequency. 
Optimized minimum energy structures and linear IR absorption spectra were 
calculated at the B3LYP54-55 and PBE056 level of theory using 6-31++G** basis sets (C, H, 
N, O, P), and Stuttgart RSC 199757 effective core potential (Co) basis sets, respectively, as 
implemented in the Gaussian 09 program package.58 Standard convergence criteria were 
applied. Full geometry optimization of all nuclear coordinates yields multiple local 
minimum structures. The lowest energy structure is assumed to represent the most 
stable isomer. We present singlet as well as quintet spin states. We scaled the calculated 
harmonic vibrational frequencies by a factor of 0.954 in order to match the calculated 
highest frequency CO vibration band in [Co4(CO)10L]- (unscaled at 2143 cm-1) to our 
experimental value of 2044 cm-1. 
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3.1.4 Results and discussion 
IR-MPD Spectra 
The IR-MPD spectra of the investigated [Co4(CO)nL]- (n = 3-10) complexes (Fig. 3) 
exhibit several strong bands in the range 1880–2050 cm-1, which we assign to the 
stretching vibrational modes of terminal CO ligands, and weaker bands around 
1810 cm-1 which we assign to the stretching vibration modes of µ2-CO ligands. 
 
Figure 3: IR-MPD spectra of [Co4(CO)nL]- (n = 3 – 10) complexes at 26 K. 
The red line serves to guide the eye, emphasizing the redshift of the 
terminal carbonyl stretches with decarbonylation. 
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There are multiple bands for the terminal CO ligands for all n = 3 - 10 investigated. All 
bands are significantly redshifted by 97–247 cm-1 with respect to the free CO vibration 
at 2143 cm-1. Judging by the band with highest frequency (indicated by the red line in 
Fig. 2), all redshifts increase by ~ 90 cm-1 upon decarbonylation (seven fold CO-
elimination). The observed redshifts are indicative for a reduction of force constants and 
weakening of the CO bonds. The likely associated bond lengthening arises through 
electron density transfer from the tetranuclear cobalt core into antibonding 2π* CO 
acceptor orbitals. As seen before59 the extent of such electron density shift/charge 
transfer/electronic transfer does depend on CO coverage. The stepwise decrease of CO 
coverage reduces the total electron back donation from the Co4 core to the antibonding 
CO π* orbitals, or it enables a higher donation per CO ligand. We assume a combination 
of both. If so, these arguments fall in line with the observed redshifts of COterm vibrations 
which increase by decarbonylation/CO elimination.  
A conclusive interpretation of all observed COterm bands is not possible at current 
stage of investigation. DFT modelling helps in the case of n = 10 (see subsequent 
section), and not beyond. Some obvious findings deserve attention: The spectra of 
[Co4(CO)nL]- (n = 10, 9, 8, 7, 5, 4, 3) reveal 4, 4, 3, 2, 2, 2 and 2 distinct COterm bands. The 
level of distinct absorption motifs reduces in parallel to a reduction of the CO coverage. 
The n = 6 case is unique: We find up to 6 partially resolved COterm features. This indicates 
either a highly specific Co-CO coordination per each CO, or it hints towards an isomeric 
variation that does not occur in any of the other cases. Isomeric variance may originate 
from Co4 core isomers, from variation of CO coordination, or even from a coexistence of 
complexes in different spin multiplets (singlet/triplet/quintet/…). Naked cobalt clusters 
are known for their very high spin states60 61, and an adsorbate induced partial 
quenching is likely.62 Further elucidation of such effects remains to thorough DFT 
modelling in the future. 
The low energy part of the spectra reveals features typical of µ2-CO coordination. Such 
fingerprints prevail at n = 5 - 10 and vanish at n = 3, 4.  Other than in the COterm bands, 
there is no systematic redshift variation as a function of coverage for the µ2-CO bands. 
The magnitude of the µ2-CO redshift is large (~ 340 cm-1) and in line with numerous 
previous observations.63 26 19 In remarkable contrast to the up to six distinct COterm 
bands, there are just two distinct µ2-CO bands at 1790–1810 and 1810–1830 cm-1, 
respectively. These two bands likely correspond to two species, µ2a (< 1810 cm-1) and 
µ2b (> 1810 cm-1). The µ2a species occurs only at highest coverages n = 8 - 10, and the µ2b 
 - 41 - 
species occurs only at high coverages n = 5 - 10. At this point the successful DFT 
modelling of the n = 10 case enables a convincing assignment of these two species (see 
below). 
Our investigation did not find evidence for any IR-MPD bands in the range of 
1500-1700 cm-1 (n = 6 - 10), which allow us to rule out µ3-CO coordination in 
[Co4(CO)nL]-. 
An interpretation solely in terms of electrostatics and electron density shifts falls short 
of all prevailing effects. Surely there are coverage dependent steric effects which reflect 
surface “crowding” by CO adsorbates, and which likely cause concomitant terminal - µ2 - 
µ3 - rearrangements. In parallel, there will be a change in the order of individual 
∆surfaceH(µx-CO) values. Small coverages may go with ∆surfaceH(COterm) > ∆surfaceH(µ2-CO) ~ 
∆surfaceH(µ3-CO) in preference of terminal CO; high coverages may go with ∆surfaceH(µ2-
CO) ~ ∆surfaceH(µ3-CO) > ∆surfaceH(COterm) in preference of µ2,3-CO. Indeed, our spectra 
show that COterm prevails at all levels of “coverage” while µ2-CO fingerprints diminish 
upon reduction of CO coverage.  
 
DFT modelling 
We have conducted DFT modelling of the [Co4(CO)10L]- complex, and we obtained its 
linear IR absorption spectra in singlet and quintet (+ 6 kJ/mol) spin states. The 
calculation of force constants in triplet state did not converge, irrespective of the chosen 
exchange-correlation functional (B3LYP and PBE0). Geometry optimized calculations of 
the singlet and triplet state at the somewhat more approximate BP86 level have 
identified a singlet ground state and a high energy (+46 kJ/mol) triplet state. While we 
take this finding with a grain of caution, it shall suffice to rule out triplet contributions at 
the current stage of investigation.  
In the following we compare two computed IR spectra (in singlet and quintet state by 
PBE0) to the experimental IR-MPD spectrum in the CO stretching frequency range 
(Figure 4). A B3LYP singlet spectrum is virtually identical to that one by PBE0 (cf. 
supplement Fig. S1). The DFT computations reveal seven COterm bands and three µ2-CO 
bands, some of which are almost degenerate. Upon folding in the experimental 
resolution of 3 cm-1, the DFT modelling predicts four observable COterm bands and three 
observable µ2-CO bands in the case of a singlet spin state – in agreement with the 
experimental IR-MPD findings. We provide an illustrative visualization of the calculated 
displacement vectors of these modes in Fig. S2 of the supplement. The two µ2-CO species 
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mentioned above can be assigned either to the one CO ligand bridging the same Co 
atoms as the dppa ligand (µ2a), or to the two CO ligands bridging one dppa bridged Co 
atom and the third basal Co atom (µ2b). We clearly rule out contributions from the 
calculated quintet state, which would predict six COterm bands across a wider range of 
frequencies in undisputable disagreement with the experiment. 
 
Figure 4: IR-MPD spectrum of [Co4(CO)10L]- at 26 K (a) and calculated IR 
absorption spectra of geometry optimized singlet (b) and quintet 
(+6kJ/mol) (c) spin state. The calculations were performed at the 
Stuttgart 1997 ECP (Co) and PBE0/6-31++G** (H, C, N, O, P) level of 
theory. The frequencies are scaled with 0.954, and calculated lines were 
broadened with Gaussians (FWHM = 3 cm-1). The lowest triplet state (+46 
kJ/mol) is discussed in the text. For the vector characters of all 10 singlet 
vibrations refer to Fig. S2 in the supplement. 
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Unfortunately, our current attempts of further DFT modelling (n < 10) have not yet 
lead to converged data and verifiable conclusions. We are tentatively assuming, that 
decarbonylation will allow for higher spin states, partially co-existing. 
 
3.1.5 Conclusions and Outlook  
It became possible to record well resolved IR spectra of [Co4(CO)10L]- (n = 3 - 10) in 
the range of COterm and µ2-CO vibrations when isolating these species at low 
temperatures (26 K and below). We find several bands which shift upon reduction of CO 
coverage, indicating a variation of coordination motifs. In conjunction with DFT 
modelling, we find a conclusive interpretation of all recorded IR features in the case of 
the saturated n = 10 compound, likely in a singlet state similar to solution. We currently 
fail to achieve such conclusive interpretation in all other cases. We currently speculate 
about spin switching into higher multiplet states (from singlet into triplet/quintet or 
even higher) upon stepwise decarbonylation, and about a conceivable isomerization at a 
particular CO coverage (n = 6). The CO coverage dependent redshift of the highest COterm 
is indicative of the charge dependent 2π*(CO) back donation and of its concomitant 
bond weakening. In contrast, the µ2-CO bands modulate in appearance and intensity 
upon change of the CO coverage – without shifting significantly. 
We are in the process of recording further spectra of Co4 species with a mixed N2 – CO 
coverage, and we are enforcing further DFT analysis by all means. Once achieved, the 
then calculated ∆surfaceH(CO) and ∆surfaceH(N2) values will allow for an elucidation of 
additional steric effects (“crowding”). We anticipate these effects to modulate the 
electronics in the known acceptor-donor type Co-CO and Co-N2 bindings. Such steric 
effects most likely cause COterm to µ2–CO to µ3–CO rearrangements, and it will be 
fascinating to compare such findings to the data of CO and N2 adsorption on flat surfaces. 
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Figure S1: IR-MPD spectrum of [Co4(CO)10L]- at 26 K (a) and calculated IR 
absorption spectra of the geometry optimized singlet spin state. The 
calculations were performed at the Stuttgart 1997 ECP, PBE0/6-31++G** 
(b) and B3LYP/6-31++G** (c) level of theory. The frequencies are scaled 
with 0.954 (PBE0) and 0.973 (B3LYP). Calculated lines were broadened 
with Gaussian envelope curves (FWHM = 3 cm-1). 
 
Figure S2: IR-MPD spectrum of [Co4(CO)10L]- at 26 K, calculated IR 
absorption spectra for the singlet spin state performed at the Stuttgart 
1997 ECP and, PBE0/6-31++G** level of theory (top) and the illustrative 
visualization of the calculated displacement vectors of the carbonyl modes 
(bottom). 
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1. Comparison: PBE0 and B3LYP singlet spectra 
 
Figure S1: IR-MPD spectrum of [Co4(CO)10L]- at 26 K (a) and calculated IR 
absorption spectra of the geometry optimized singlet spin state. The 
calculations were performed at the Stuttgart 1997 ECP, PBE0/6-31++G** 
(b) and B3LYP/6-31++G** (c) level of theory. The frequencies are scaled 
with 0.954 (PBE0) and 0.973 (B3LYP). Calculated lines were broadened 
with Gaussian envelope curves (FWHM = 3 cm-1). 
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2. Visualization of the calculated displacement vectors 
 
Figure S2: IR-MPD spectrum of [Co4(CO)10L]- at 26 K, calculated IR 
absorption spectra for the singlet spin state performed at the Stuttgart 
1997 ECP and, PBE0/6-31++G** level of theory (top) and the illustrative 
visualization of the calculated displacement vectors of the carbonyl modes 
(bottom). 
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3.2 Vibrational fingerprints of mixed tetranuclear cobalt carbonyl/ 
dinitrogen clusters [Co4(CO)n(dppa-H+)N2]- within an ion trap 
 
In the following, results on the Infrared Multiple Photon Dissociation (IR-MPD) 
investigation on mixed tetranuclear cobalt carbonyl/dinitrogen [Co4(CO)n(dppa-H+)N2]- 
(n = 6, 8; dppa = NH(PPh2)2) clusters are presented. The carbonyl and dinitrogen 
stretching vibrational frequencies of these clusters are probed and compared to the 
IR-MPD spectra of the previously discussed cobalt carbonyl complexes. The influence of 
the adsorbed N2 on the CO stretching modes is presented and discussed. The recorded 
spectra reveal head-on binding of the N2 molecules, respectively. We find strong 
evidence for the isomerization at a particular CO coverage (n = 6). 
 
 
As described in the previous chapter (cf. 3.1.3), we obtained the deprotonated complex 
[Co4(CO)10(dppa-H+)]- (abbreviated [Co4(CO)10L]-) from electrospray ionization. The 
successive elimination of CO ligands may serve for open coordination sites on the Co 
cluster core. The mass selected complexes [Co4(CO)10L]- (n = 3-10) are guided into a 
26 K hexapole ion trap. The ion trap is held at 26 K and N2 is introduced continuously. 
Additional He buffer gas is introduced to accomplish efficient trapping and cooling of the 
ions. The cryo cooled ions are guided by electrostatic lenses into the FT-ICR cell. The N2 
gas intake results in the adsorption of one N2 molecule to distinct complexes, n = 6, 8, 
only. The ions are isolated, irradiated by IR laser pulses, and analyzed for their 
fragments. The only observed fragmentation channel for the mixed carbonyl/dinitrogen 
comples was the loss of N2. The laser power was attenuated to prevent excessive 
fragmentation. The mixed [Co4(CO)8(N2)1L]- complex could be obtained by sufficient N2 
adsorption to the [Co4(CO)8L]- complex (> 50 %). The N2 adsorption to the [Co4(CO)6L]- 
complex only yielded ~ 10 % of the mixed [Co4(CO)6(N2)1L]- complex. Note, that neither 
an increase of N2 pressure nor of storage times up to 5 s would drive the N2 adsorption 
beyond this limit. 
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[Co4(CO)8(N2)1L]- 
We measured the IR-MPD spectra of the [Co4(CO)8L]-, [Co4(CO)9L]- and 
[Co4(CO)8(N2)1L]- complexes (Fig. 1). All spectra exhibit several strong bands in the 
range from 1880  cm-1 to 2050 cm-1, which can be assigned to the stretching vibrational 
modes of terminal CO ligands, and bands around 1800 cm-1 which can be assigned to the 
stretching vibration modes of µ2-CO ligands. The mixed [Co4(CO)8(N2)1L]- complex 
reveals an additional band at 2197 cm-1 which is in line with the N2 stretching frequency 
of head-on bound N2 when adsorbed on cobalt clusters (cf. chapter 4.1). 
The direct comparison of the spectra shows a significant influence of the adsorbed N2 
on the vibrational modes of the terminal CO ligands (cf. Fig. 1, right). Whereas the 
[Co4(CO)8L]- complex reveals three intense terminal CO bands, the [Co4(CO)9L]- and 
[Co4(CO)8(N2)1L]- complexes exhibit four bands. The head-on adsorption of a N2 
molecule to the [Co4(CO)8L]- complex most likely forces a µ2-CO ligand into a terminal 
bound position, similar to the arrangement in the [Co4(CO)9L]- complex. 
 
Figure 1: Left: IR-MPD spectra of the cobalt carbonyl complexes 
[Co4(CO)nL]- (n = 9, 8) in comparison with the spectrum of the mixed 
carbonyl/ dinitrogen complex [Co4(CO)8N2L]- at 26 K. Right: A zoom into 
the COterm stretching vibration region. 
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[Co4(CO)6(N2)1L]- 
The IR-MPD spectra of the [Co4(CO)6L]-, [Co4(CO)7L]- and [Co4(CO)6(N2)1L]- complexes 
(Fig. 2) exhibit strong terminal CO bands and weaker vibrational modes of the µ2-CO 
ligands. In the case of [Co4(CO)6L]- we find up to six partially resolved COterm features. 
The mixed [Co4(CO)6(N2)1L]- complex reveals three partially resolved COterm features, 
three µ2-CO stretching frequencies and two N2 stretching frequencies around 2180 cm-1. 
The IR-MPD spectrum also shows two additional bands around 1700  cm-1 which might 
originate from µ3-CO coordination. These findings strongly corroborate the presence of 
isomers. Isomeric variance may originate from Co4 core isomers, from variation of CO 
coordination, or even from a coexistence of complexes in different spin multiplets 
(singlet/triplet/quintet/…).  
 
Figure 2: Left: IR-MPD spectra of the cobalt carbonyl complexes 
[Co4(CO)nL]- (n = 7, 6) in comparison with the spectrum of the mixed 
carbonyl/ dinitrogen complex [Co4(CO)6N2L]- at 26 K. Right: A zoom into 
the COterm stretching vibration region. 
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The fact that the N2 adsorption to the [Co4(CO)6L]- complex is limited to ~ 10 % and 
the occurrence of two N2 stretching frequencies in the IR-MPD spectra of the 
[Co4(CO)6(N2)1L]- complex indicate the existence of at least three isomers. Further 
elucidation of the origin of all observed vibrational features remains to persistent 
density functional theory (DFT) computations of the stepwise decarbonylation and 
distinct N2 adsorption. 
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4. CRYO KINETICS AND SPECTROSCOPY OF CATIONIC TRANSITION METAL 
CLUSTERS 
 
In this chapter I present the results on N2 adsorption studies on cationic iron, cobalt 
and nickel clusters under cryo conditions and in isolation. The results on isothermal gas 
phase cryo kinetics and infrared photon dissociation spectroscopy are given, discussed, 
introduced and concluded in two published paper manuscripts and two paper drafts. 
The contributions of myself to the presented manuscripts are stated prior to the 
respective manuscripts. 
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4.1 Publication: “Infrared spectroscopy of N2 adsorption on size selected 
cobalt cluster cations in isolation” 
 
The following work has been published at Physical Chemistry Chemical Physics with the 
title: “Infrared spectroscopy of N2 adsorption on size selected cobalt cluster cations in 
isolation”. 
 
 
 
The experiments were performed by the experimental team consisting of S. Dillinger, 
J. Hewer, M. Gaffga and myself. The data evaluation was done by S. Dillinger and myself. 
G. Niedner-Schatteburg performed the computations and was involved in the revision of 
the manuscript. The initial paper draft was put together by S. Dillinger.  
 
The contributions of myself to the presented manuscript consist in being part of the 
experimental team which acquired the presented data, being involved in the data 
evaluation and revision of the manuscript.  
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4.1.1 Abstract 
We report IR active N2 stretching frequencies in isolated and size selected cobalt 
cluster nitrogen adsorbate complexes, [Con(N2)1]+ as recorded by virtue of 
InfraRed Photon Dissociation (IRPD) spectroscopy. The observed frequencies of 
the [Con(N2)1]+ complexes (n = 8 – 17) are significantly redshifted (2180 to 
2290 cm-1) with respect to the IR inactive vibrations of free N2 (2359 cm-1). These 
bands are assigned to a µ1 head-on type of coordination of the N2 to the cobalt 
cluster surface, revealing remarkable cluster size dependent features to interpret. 
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4.1.2 Introduction 
It is often difficult to investigate heterogeneously catalyzed reactions due to their 
complexity. Reactions of isolated transition metal clusters may serve to elucidate 
elementary processes in such reactions. The initial adsorption event is often the rate 
limiting step in multistep bond activation that precedes any further activation and the 
phenomenon of gas adsorption in layers became early subject of research.1-2 Historically 
adsorption is classified into chemisorption and physisorption by phenomenological 
persistence of the adsorbate. Physisorbed species often serve as precursors for 
activation. The initial adsorption and activation of N2 is the rate limiting step in the 
Haber-Bosch process. Therefore the characterization of the precursor state is of great 
importance for the mechanistic understanding of this catalytic conversion.3 
CO adsorption on metal surfaces has been characterized by numerous kinetic4-7 and 
spectroscopic studies.8-10 The observed redshift of the CO stretching vibration is 
understood to indicate the CO coordination site – on top (µ1), on bridge (µ2) or on hollow 
(µ3). It moreover reflects interaction strength and of course charge effects. 
Complementary insights arise from the IR based characterization of CO adsorbates on 
the surfaces of isolated metal clusters.11-13 
There is equally great interest in the kinetics of the N2 adsorption on metal 
surfaces.14-16 Spectroscopic and kinetic studies of N2 adsorbed on Fe(111) revealed that 
there are three characteristic α-, δ- and γ-states, which refer to side-on, and head-on 
adsorption to highly and to less coordinated metal surface atoms.17-19 Many reaction 
studies have been performed for a better understanding of the N2 adsorption kinetics 
with metal clusters.20-25 Two of these studies24-25 have drawn far reaching structural 
conclusions from so called uptake plots of average association numbers of multiple N2 
molecules under flow reactor conditions. They discuss icosahedral, hexagonal (hcp) and 
face centered cubic (fcc) packing speculating about pressure dependent inter 
conversion. Despite obvious need merely a single spectroscopic study elucidated the N2 
adsorption on isolated metal clusters, namely those of Ruthenium,26 with no 
unambiguous assignment of the recorded spectral features. 
Common interpretation of the head-on adsorption of CO and N2 to surfaces of 
extended bulk metal samples and of size selected clusters arises in terms of a σ-donor π-
acceptor synergistic bonding scheme according to the so called Blyholder model.27 Ab 
initio DFT modelling reaches its limits when it comes to the appropriate choice of 
exchange correlation functionals.7 
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The present study probes the N-N stretching frequency of N2 when adsorbed on size 
selected cobalt cluster cations at cryogenic temperatures. We aim to gain insight into the 
binding motifs of the adsorbates and towards the structure of the cobalt clusters 
themselves. Preliminary ab initio DFT calculations augment the current experiments, 
failing to provide unambiguous structural conclusions as of now. 
 
4.1.3 Experimental Methods 
A customized Fourier Transform - Ion Cyclotron Resonance (FT-ICR) – mass 
spectrometer (Apex Ultra Bruker Daltonics) served to perform the cluster production, 
isolation, N2 condensation, InfraRed Photon Dissociation (IRPD) and mass analysis. The 
metal clusters were generated using a home-built laser vaporization cluster ion source 
as described before.28-29 In brief, cobalt atoms are evaporated from a rotating 1 mm 
thick cobalt foil by the second harmonic of a pulsed Nd:YAG laser. The hot plasma is 
captured by a He gas pulse (40 µs, 10 – 15 bar) created by a home-built piezoelectric 
valve.30 The atoms and ions are cooled and aggregate to clusters in the subsequent jet 
expansion through a 60 mm long channel (2 mm diameter) into vacuum (10-6 mbar). 
The clusters are skimmed and injected into a cryogenic hexapole ion trap passing 
different ion lenses, a 90 degrees ion beam bender and a quadrupole mass filter. The ion 
trap is cooled to 26 K by a closed cycle He cryostat. Buffer or reaction gas can be 
introduced both pulsed and continuously. In this work we used the continuous gas inlet. 
He or Ar (He: [Co8-10(N2)1]+, Ar: [Co11-17(N2)1]+) is used to increase the pressure in the 
ion trap from 1.7 × 10-7 mbar up to 1.0 × 10-6 mbar to accomplish the efficient trapping 
and cooling of the ions. The attachment of nitrogen is achieved due to impurities in the 
buffer gas and can only be observed at temperatures below 28 K. After storage of the 
ions for a variable time (0 – 10 s), the manipulated ions are guided by electrostatic 
lenses into the FT-ICR cell of the so-called “infinity” type.31 This cell is held at a 
temperature of 10 K with a closed cycle He cryostat to prevent heating of the clusters by 
black body radiation. The cell is also used for isolation and detection of the ions.  
For the acquisition of the (IRPD) spectra the FT-ICR cell is coupled to a tunable IR 
laser (δn = 0.9 cm-1, δt = 7 ns). This laser is a KTP/KTA optical parametric 
oscillator/amplifier (OPO/A, LaserVision) system pumped by a pulsed 10 Hz injection 
seeded Nd:YAG laser (PL8000, Continuum). The difference frequency (DF) between the 
OPA signal and idler waves is generated in a AgGaSe2 crystal. This generates IR radiation 
in the range of 1400 – 2400 cm-1. Each trapped and isolated package of ions is irradiated 
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by 10 – 15 laser pulses (0.1 – 1.2 mJ/pulse) to yield a sufficient amount of fragment ions. 
The IR spectra were recorded as ion chromatograms while continuously scanning the IR 
wavelength. The IRPD signal was evaluated as ΣiFi/(ΣiFi+ΣiPi), where Fi and Pi indicate 
fragment and the parent ion signals, respectively. An experimental IRPD spectrum arises 
from a plot of the fragmentation efficiency as a function of laser frequency. We employed 
the IRPD spectroscopy in the 2100 – 2350 cm-1 range on the [Con(N2)1]+ species (n = 8 –
 17). In this range we expected the N2 stretching frequencies of the species. For all 
complexes the loss of the N2 was the only observed fragmentation channel. 
 
 
4.1.4 Results and Discussion 
The cold IRPD spectra of the cryo cooled [Con(N2)1]+ cluster adsorbate complexes 
reveal well resolved bands (cf. Fig. 1). All complexes show a single or multiple IR active 
bands within the range of 2180 to 2290 cm-1 (2110 – 2350 cm-1 probed). These bands 
are significantly redshifted with respect to the IR inactive stretching mode of free N2 (at 
2359 cm-1 32). Some clusters show multiple bands (n = 14 – 17), other clusters reveal 
single bands (n = 8 – 13). Dissociative [N-Con-N]+ adsorption would inevitably lead to 
much lower Co-N stretching frequencies which may become as low as 600 cm-1 when 
interstitial nitrides form. Therefore we confirm molecular (intact) adsorption 
(physisorption) of N2 on naked cobalt cluster surfaces. While we cannot exclude some 
(at present invisible) dissociation of N2 we do not find forcing evidence. Such an 
activation would, if any, occur in competition to intact adsorption  
The observed cluster size dependence reveals continuous variations and 
“jumps”/discontinuities alike. The dotted red line serves to guide the eye. It is slightly 
tilted towards the red with cluster size. A plain charge dilution effect would lead to an 
opposite effect namely to a blue shifting by increasing cluster size. Instead one might 
recall the (likely) metallic nature of the cobalt cluster allowing for electron density shifts 
in response to external perturbation. Such polarization may couple back to the 
perturbing adsorbate – the more the larger the cluster. Hence this would lead to a 
weakening of the N-N binding strength and an increasing redshift of the stretching 
frequency with cluster size. 
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Fig. 1: IRPD spectra of [Con(N2)1]+ for n = 8 – 17. The dotted red line serves 
to guide the eye. Its slight tilt with cluster size indicates a conceivable 
cooperative polarization effect. Note the variation in the observed peak 
positions and splittings. Multiple major peaks likely indicate cluster core 
isomers, spin isomers or N2 bonding isomers while weak sidebands to the 
blue may arise from combination bands (N2 stretching and wagging 
modes, cf. Table 1). Note the “jump” of the major peak from n = 9 to n = 10. 
Looking at the bands in detail it is obvious that [Co8(N2)1]+ and [Co9(N2)1]+ do not 
follow the trend illustrated by the red line. The absorption of [Co8(N2)1]+ and [Co9(N2)1]+ 
(both at 2285 cm-1) are significantly less redshifted than those of all other cluster 
complexes studied. The clusters with n = 10 – 13 show merely one strong band that 
aligns well to the mentioned polarization effect (2226, 2219, 2212, 2203 cm-1). In the 
case of [Co13(N2)1]+ this main absorption band is accompanied by weak sidebands to the 
blue. These may arise from combination bands (N2 stretching and wagging modes, cf. 
Table 1, as supported by calculations). Besides these sidebands of [Co13(N2)1]+, the main 
band is in line with a possible icosahedral structure (Ih). A major difference arises for 
even larger clusters, which reveal multiple bands. These are possibly due to cobalt 
4. Cryo Kinetics and Spectroscopy of Cationic Transition Metal Clusters 
- 64 - 
cluster isomers, to spin state isomers or to N2 bonding isomers or to combinations of all 
three effects. [Co14(N2)1]+ is most prominent in revealing three major bands (at 2195, 
2222, 2248 cm-1). A possible explanation is the presence of spin isomers. The Co14+ 
cluster core structure is conceivable, yet speculative. Our preliminary calculations reveal 
a possible adatom to a icosahedral core (little overall relaxation), alternatively: 
significant reorganization (from Co13+ to Co14+) through incorporation of the extra Co 
atom into prior Co13+ cluster surface, e.g. by opening the prior five membered rings to a 
six membered ring. This would provide for a higher (sixfold) coordinated Co surface 
atom in the center of the six membered ring. This working hypothesis might serve to 
explain the new band at 2222 cm-1 in [Co14(N2)1]+. 
A similar picture can be found in [Co15(N2)1]+, except for the vanishing “red” peak 
(which was strong for [Co10-14(N2)1]+), indicative of a major change in structural binding 
motif. Possibly explained by a change from icosahedral to hexagonal close-packed (hcp) 
as found in larger cobalt clusters by Trapped Ion Electron Diffraction (TIED) 
experiments (Co bulk: hcp; Co cluster: icosahedral).33 
 
 
 
Fig. 2: Computed geometry of [Co13(N2)1]+. The assumed icosahedral 
Co13+ core is a low lying stable geometry, and it only physisorbs N2 in µ1 
head-on coordination. Note, that all cobalt surface atoms are equivalent, 
thus giving rise to a single IR active N-N stretching vibration at about 
2230 cm-1 (scaled by 0.95) with variations by spin multiplicity of the 
cobalt cluster core (likely 2 S + 1 = 25, 27, 29, 31) (See text for discussion). 
  
 - 65 - 
DFT calculations of [Co13(N2)1]+ (at PBE0/ECP(Co); cc-pVTZ(N) level of theory) reveal 
full icosahedral Ih geometry of the Co13+ core with little relaxation by the N2 attachment. 
SCF convergence is tedious and can be achieved only by tolerating relaxed SCF 
convergence criteria of 10-5 (as compared to 10-8 in “standard” DFT calculations). Choice 
of an appropriate spin multiplicity is crucial. Our previous XMCD investigations yielded a 
spin magnetic moment of 2.30(15) μB/atom for the Co14+ cluster.34 That implies 32(2) 
unpaired electrons and a multiplicity of  +  = (). Our present DFT calculations 
have revealed stable high spin state structures of a [Co14(N2)1]+ complex with 
multiplicities 30 (+47), 32(0) and 34(+29), relative stabilities in kJ/mol indicated in 
parentheses. Both findings are in good agreement - assuming that N2 adsorption does 
not alter spin states in Co14+. 
On the basis of this agreement we utilized our DFT approach to undertake an 
extended search of minimum structures of [Co8(N2)1]+, [Co9(N2)1]+, [Co10(N2)1]+ (cf. 
Fig. 3), [Co13(N2)1]+, [Co14(N2)1]+ and [Co17(N2)1]+. The calculations reveal head-on N2 
binding in µ1 N-Co coordination, irrespective of chosen cobalt cluster geometry – 
allowing for full relaxation without constraints – and irrespective of chosen N2 
coordination site, and irrespective of particular spin multiplicity. Other assumed 
coordinations (µ2 or µ3) relax towards µ1 coordination. Any activation towards dinitride 
species was found vastly endothermic. 
 
 
4. Cryo Kinetics and Spectroscopy of Cationic Transition Metal Clusters 
- 66 - 
 
 
Fig. 3: Three computed geometries of [Co10(N2)1]+. The calculated 
species show the different binding sites of N2 to the Co10+ core. N2 only 
coordinates µ1 head-on. The structures differ in the binding motif of the 
coordination site (Co atom). The structures illustrate an adsorption of N2 
on a Co atom which in turn coordinates to four -(top), five -(middle) or 
six-(bottom) membered cobalt atom rings. It comes somewhat as a 
surprise that the present DFT calculations find little variation of N2 
stretching frequencies in response to this change of coordination (e.g. 
shifts by less than 10 cm-1). 
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Table 1: Computed vibrations in [Co13(N2)1]+ (Ih, 2
 + 1 = 15). Explicitly listed 
values document all those modes that involve significant motion of either of the 
two N-atoms. 
Mode Type Freq. 
cm-1 
Scaled freq. 
cm-1 
IR intensity 
km mole-1 
ν1 N2 wagging 33.8 32.1 0.04 
ν2 N2 wagging 46.7 44.4 0.08 
ν3 N↑-N-Co↓ bending 78 74 0.17 
ν3 … ν37 Co13+ skeleton modes 78 … 306  < 2.7 
ν38 N↑-N↓-Co↑ bending 354 336 37 
ν39 N-N stretching 2338 2221 605 
 
Standard ab initio calculations reveal force constants and subsequent normal mode 
analysis reveal harmonic vibrational frequencies. After appropriate lump sum scaling for 
anharmonicities (empirical factor 0.95) the thus obtained values compare to 
experimental data. We chose to document the case of [Co13(N2)1]+ in more detail (cf. 
Table 1) assuming an icosahedral Ih geometry of Co13+ (cf. Fig. 2) The IR inactive N-N 
stretching mode of free N2 at 2359 cm-1 redshifts through coordination with Co13+ to 
2203 cm-1 (expt.) and 2221 cm-1 (calc. ν39) in [Co13(N2)1]+. The concomitant N-N-Co 
bending mode within [Co13(N2)1]+ is predicted to occur at 336 cm-1 which is outside of 
our experimental probing range. However, the experimental spectrum reveals weak 
sidebands to the N2 stretching mode which locate at νs(N2) + 15 cm-1, 35 cm-1 and 
(maybe) 68 cm-1. We assign these sidebands to combination modes (ν39 + ν1), (ν39 + ν2) 
and (ν39 + ν3), which is in qualitative agreement with the DFT computed ν1, ν2 and ν3 
values of + 32 cm-1, + 44 cm-1 and + 78 cm-1. 
Despite all current effort the accordingly computed vibrational spectra of other 
clusters (as listed above) do not recover the subtle changes in the recorded 
experimental spectra. Obtained N2 stretching frequencies do indeed fall into the range of 
experimental values. There is, however, no further insight from calculations into the 
origin of the three experimental observations: general and steady increase of N2 
redshift, sudden increase of N2 redshift when going from [Co8,9(N2)1]+ to [Co10(N2)1]+, 
and multiple strong vibrational peaks in the spectra of cluster [Co14(N2)1]+ and beyond. 
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It remains to be seen whether further calculations achieve more insight. Four 
improvements come to our minds. Broken symmetry DFT would allow to check for 
conceivable antiferromagnetic coupling.35-38 Variation of the DFT functional is 
mandatory and tedious. Dispersion interaction needs to be considered. Dynamic basin 
hopping/annealing calculations might retrieve otherwise overlooked geometries. 
 
4.1.5 Conclusions 
The N2 adsorption on cationic Con+ clusters in the size range of n = 8 – 17 has 
been investigated via IRPD spectroscopy. The recorded spectra revealed 
remarkable cluster size dependent features. All species show bands within the 
range of 2180 to 2290 cm-1, suggesting a head-on µ1 coordination of the N2 on the 
cluster surface. Current DFT calculations reveal a possible icosahedral Co13+ core. 
Nevertheless the calculations do not allow for a final assignment of the observed 
spectral features (e.g. the “jump” from n = 9 to n = 10 or the presence of multiple 
bands). It is mandatory to spend further effort in ab initio calculations to gain 
invaluable insight into the binding motifs of the nitrogen and of conceivable 
activation routes. 
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4.2 Publication: “Cryo Kinetics and Spectroscopy of Cationic Nickel Clusters: 
Rough and Smooth Surfaces” 
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the manuscript. 
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4.2.1. Abstract  
The stepwise N2 adsorption on size selected Ni9+ and Ni13+ clusters at 26 K is studied in 
a hybrid tandem ion trap instrument. Adsorption kinetics of these clusters in 
conjunction with Infrared Photon Dissociation (IR-PD) spectroscopy of their cluster 
adsorbate complexes allow for the elucidation of various N2 coverage and cluster size 
dependent effects, which are related to the rough Ni9+ and smooth Ni13+ cluster surface 
morphologies. Pseudo-first-order kinetic fits confirm consecutive adsorption steps by 
single exponentially decays exclusively. The recorded IR-PD spectra of all observed 
cluster adsorbate complexes reveal IR active vibrational bands at frequencies of 
2170 cm-1 to 2260 cm-1, which coincides with the range of metal head-on coordinated 
N-N stretching modes. Density Functional Theory (DFT) calculations confirm the 
experiments and reinforce a possible isomerization with low N2 coverage in the case of 
Ni9+. 
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4.2.2 Introduction 
Reactivity studies of naked metal clusters are an ongoing endeavor, providing new 
perspectives on the repetitively stated cluster-surface analogy.1-6 In the “non-scalable 
cluster size regime”7-9 atom-by-atom dependent variation superimpose to the gradual, 
scalable change of cluster properties by size.7, 10 Non-scalable jumps in molecular 
adsorption to size selected clusters have been interpreted in terms of structural changes 
at local binding sites on the cluster surfaces.11-15 In the context of CO adsorption to metal 
clusters and of related carbonyl complexes it showed that adsorbates may well serve to 
titrate available surface sites up to saturation for the elucidation of underlying structural 
motifs.16-17 Beyond mere adsorption it warrants to study and understand the activation 
of this and other diatomic molecules such as e.g. NO, N2, and H2, driven by perspectives 
and challenges in heterogeneous catalysis.18-20  
It has proven helpful to study the vibrational modes of adsorbates on transition metal 
(TM) clusters and in TM coordination complexes as isolated ions by Infrared Multiple 
Photon Dissociation (IR-MPD).21-24 This method has further gained by the introduction 
of tunable free electron lasers (FEL).25-27 Cryo IR-action spectroscopy achieves 
significant advances by so called tagging or messenger techniques where weakly bound 
species serve to provide for a preferred fragmentation channel, sometimes driven by 
single photon absorption.28-29 The study of in situ generated TM clusters helped to 
elucidate the influence of net charge and oxidation state onto the single molecule CO 
adsorption in terms of a charge dilution model.30-32 
N2 coordination. Isoelectronic to CO, the N2 molecule - nonpolar when isolated – 
polarizes upon surface adsorption through a σ donor π acceptor synergism in analogy to 
that of CO – some differences in size and shape of participating MOs notwithstanding. 
The resulting red shifts of CO vibrations are usually discussed in terms of the Dewar-
Chatt-Duncanson model, which explains coordinative complexation to single TM 
centers,33-34 or in terms of the Blyholder model, when interpreting surface 
coordination.35 The concept of both models applies to N2 adsorption as well. The 
discovery of Dinitrogen-pent-amine Ru(II) complexes in 196536 has initiated a fertile 
field of N2 coordination chemistry37-40 in quest for its activation.  
Early DFT revealed strong preference of N2 for end-on coordination to single Fe 
centers with some evidence for rather exceptional side-on η2 coordination of at most 
two N2 to otherwise naked Fe atoms.41-42 Other than in a Zr-N2-Zr arrangement39, 43 and 
to the best of our knowledge there is no spectroscopic evidence for such side-on 
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coordination to a transition metal center in a molecular coordination complex. In this 
respect, it pays to recognize a most recent study of N2 adsorption to Ta clusters, which 
interprets their experimental findings in terms of a DFT computed N2 side-on (η2) 
coordination.44 Recent IR-MPD studies of N2 adsorption to Ru clusters have concluded in 
exclusive end-on (η1) coordination.45  
Prior studies of nickel clusters. Experiments on magnetism of neutral and cationic 
Ni clusters were recently reviewed in the context of XMCD gas phase studies.46 In 
parallel to the experiments an increasing interest arose to model the electronic and 
magnetic properties of these nickel clusters,47-49 and of nickel alloys.48, 50-52 The 
particularly narrow PES spectrum of Ni13 was interpreted in terms of a highly symmetric 
structure, likely of icosahedral Td symmetry.53-54 CO adsorption up to saturation to small 
nickel clusters Nin (n = 2-20) revealed the limits of electron counting rules and the 
stability of larger clusters with internal metal atoms, while small clusters (n ζ 13) 
undergo adsorption induced structural changes in favor of enhanced adsorption to 
achieve coverages close to the electron counting rule predictions for the bare cluster 
geometries.55 D2 was found to adsorb readily to Nin+ (n = 2-16) while the formation of 
NinD+ exhibits thresholds.56 A simulation of Nin (n = 2-150) by a dedicated Aufbau/Abbau 
method predicted structures, symmetries and stabilities of most stable isomers and 
found particular high stability of Ni13.57 Studies of activated CH4 reactions with Nin+ 
(n = 2-16) found a rich chemistry that is consistent with simple bond order 
considerations.58 IR-MPD studies of H2 adsorbed onto Ni4-6+ revealed propensities for 
activation and hydride formation.59-60 IR-MPD spectroscopy helped to characterize 
vibrational patterns of hydrated and comlexed Ni+.61-62 First adsorption studies of N2 on 
nickel were carried out in the 1950s on evaporated nickel films63 and on nickel 
powders.64 N2 uptake studies with nickel clusters Nin (n = 3-28) were interpreted in 
terms of head-on N2 coordination.65-66  
Kinetic models. The classical Langevin collision rate of ions with neutrals67 is 
conveniently extended towards polar molecules by the average dipole orientation 
theory (ADO).68-69 This ADO theory is frequently used to calculate the reaction rates of 
charged clusters with small molecules, knowingly underestimating the reaction rates for 
charged metal clusters significantly.70-72 Another model to estimate the collision rates of 
ionic clusters with neutral molecules is the surface charge capture model (SCC), which 
leads to significantly increased collision rate constants, in comparison with Langevin or 
ADO rates.73 
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Prior Nickel - N2 spectroscopy. IR spectra of nitrogen adsorbed on silica-supported 
Ni films74 revealed a strong infrared absorption band at 2202 cm-1, attributed to the N-N 
stretching vibration of head-on bound N2. A combined IR spectroscopy and electron-
microscopic study of N2 adsorbed on silica supported nickel samples (at -80 to - 20 °C) 
revealed that this IR active N2 only occurs on nickel particles with diameters between 15 
and 70 Å.75 Matrix infrared spectra of e. g. Ni(N2)n (n = 1-4) in argon76 reinforce 
interpretation in terms of an end-on coordination. Several strong dinitrogen frequencies 
in the range of 2100 - 2230 cm-1 were identified in these matrix infrared spectra. More 
recently, there was a report on N2 stretching frequencies at 2223/2234 cm-1 by an end-
on coordinated N2 in cationic Ni(II) complexes,77 well in line with those observed for N2 
adducts of molecular Ni(II) halides.78 The N2 interaction with an open coordination site 
on a Ni(I) macrocycle revealed head-on coordination with a dinitrogen frequency at 
2170 cm-1.79 
Our approach: We have been preparing ionic TM clusters within ion traps e.g. for 
kinetic studies of hydrocarbon activation,6 and we have introduced X-ray studies by cryo 
ion trapping for the investigation of spin and orbital contributions to the magnetic 
moments of TM clusters.46, 80 In parallel we have utilized table top IR lasers for the 
identification of dark IR-MPD bands in oligonuclear TM complexes,81 and of torsional 
isomerizations,82 and of multistate-mediated rearrangements.83 Recently we have 
upgraded our instrumentation towards tandem cryo ion trapping,84 and we have started 
a long term quest for the vibrational spectroscopy of N2 adsorbates on size selected TM 
clusters under isothermal cryo conditions, first results on [Con(N2)1]+ clusters and on Fe 
based “non-classical” dinitrogen complexes being published.85-86 This study aims to 
elucidate N2 adsorption onto cationic nickel clusters, [Nin(N2)m]+, by a combination of 
kinetic investigations, IR-PD spectroscopy, and DFT based modelling of structures and 
vibrations. We aim to gain insight into the metal-adsorbate bonding and to unravel 
structure-reactivity relationships. Within this work we have chosen to discuss the 
archetypical cases of Ni9+ and Ni13+ in more detail and up to the prevailing adsorption 
limits of saturation. 
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4.2.3 Experimental and computational methods 
A customized Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass 
spectrometer (Apex Ultra Bruker Daltonics) served to perform the cluster production, 
isolation, N2 condensation, InfraRed Photon Dissociation (IR-PD) and mass analysis. The 
nickel clusters were generated using a home-built laser vaporization cluster ion source 
as described before.70, 87 In brief, nickel atoms are evaporated from a rotating 0.4 mm 
thick isotopically enriched 58Ni foil (99,61 %, Oak Ridge National Laboratories) by the 
second harmonic of a pulsed Nd:YAG laser (Innolas Spitlight 300, 20 Hz). The hot plasma 
is captured by a He gas pulse (40 µs, 15 bar) created by a homebuilt piezoelectric 
valve.88 The atoms and ions are cooled and aggregate to clusters in the subsequent jet 
expansion through a 50 mm long channel (Ø 2 mm) into vacuum (10-7 mbar). The 
clusters are skimmed and injected into a cryogenic hexapole ion trap passing a 90 
degrees ion beam bender and a quadrupole mass filter. The ion trap is cooled to 26 K by 
a closed cycle He cryostat. Buffer and reaction gas are introduced continuously. 
Sufficient nitrogen attachment is achieved by increasing the pressure in the ion trap 
from 1.1 x 10-7 mbar up to 3.0 x 10-7 mbar. Additional He is introduced to increase the 
pressure up to 3.0 x 10-6 mbar to accomplish an efficient trapping and cooling of the 
ions. After storing the mass-selected ions for a variable time (0-5 s), the manipulated 
ions of the form [Nin(N2)m]+ = (n,m) are guided by electrostatic lenses into the FT-ICR 
cell of the so-called ‘‘infinity’’ type.89 The ICR cell is held at temperatures below 10 K 
with a closed cycle He cryostat to prevent heating of the clusters by black body radiation 
prior to ion detection.  
For kinetic investigations the ICR cell serves for the detection of the formed 
[Nin(N2)m]+ = (n,m) cluster adsorbate complexes. The kinetic curves of cationic nickel 
clusters and their nitrogen adducts originate from reaction delay scans and subsequent 
evaluation of the recorded mass spectra. Fits to pseudo-first-order-kinetics occur 
through the “evofit” program.90 Our thus determined rate constants for the (9,m) species 
(recorded at p(N2) = 3.0 x 10-7 mbar) are normalized to the experimental conditions for 
the (13,m) species (recorded at p(N2) = 1.3 x 10-7 mbar). The relative rate constants 
k(n,m) determine the absolute rate constants �(௡,௠)௔�� , the absolute collision gas number 
densities ߩ�ଶ(ܶ) serving as the conversion factor: 
 �(௡,௠)௔�� = �(௡,௠)/ߩ�ଶ(ܶ) 
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We obtain approximate values for ߩ�ଶ(ܶ) indirectly from the pressure in the 
surrounding chamber pc(300 K) and an effective geometry factor capp: ߩ�ଶ(26 �) = �௔��݌�ଷ଴଴ ��஻ ଷܶ଴଴ �
The geometry factor capp shows to bear a significant dependence on the temperature 
of the hexapole ion trap. By numerous kinetic studies of transition metal cluster cations 
with neutral reactants at cryogenic temperatures we evaluated this factor capp to 1.8 ± 
0.4 at 26 K with a net uncertainty of ± 50%. The quotient of the absolute rate constants 
and the collision rate enables us to calculate the absolute reaction efficiency �  for the 
adsorption of N2 by cationic Ni clusters. This absolute reaction efficiency indicates the 
probability of a reaction occurring after a collision between a metal cluster ion and its 
reaction partner. 
To record IR-PD spectra, the ICR cell is used for the isolation of each observed (n,m) 
species, subsequent storage for ion irradiation and for the detection of the resulting 
ions. It is coupled to a tunable IR laser (dn= 0.9 cm-1, dt = 7 ns). The laser comprises of a 
KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision) system pumped 
by a pulsed 10 Hz injection seeded Nd:YAG laser (PL8000, Continuum). In this work we 
used the difference frequency (DF) between the OPA signal and idler waves generated 
in a AgGaSe2 crystal. This generates IR radiation in the range of 1000 – 2400 cm-1. Each 
trapped and isolated package of ions is irradiated by 5 – 10 laser pulses (0.1 – 1.2 mJ per 
pulse) to yield a sufficient amount of fragment ions. The IR spectra were recorded as 
mass chromatograms while continuously scanning the IR wavelength. The IR-PD signal was evaluated as ΣFi/ȋΣiFi + ΣPi), where Fi and Pi indicate the fragment and the parent 
ion signals, respectively. An experimental IR-PD spectrum arises from a plot of the 
fragmentation efficiency as a function of laser frequency. We employed the IR-PD 
spectroscopy in the 2140 - 2300 cm-1 range on the isolated (n,m) species. In this range 
we expected the N2 stretching frequencies of these species. For all complexes the loss of 
N2 was the only observed fragmentation channel. 
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Linear IR absorption spectra were calculated at the PBE091 level of theory using the 
cc-pVTZ  basis sets92 (N), and the Stuttgart RSC 199793 effective core potential (Ni),
respectively, as implemented in the Gaussian 09 program package.94 All calculated
spectra were scaled to account for prevailant anharmonicities (empirical factor 0.93).
Full geometry optimization yielded multiple local minimum structures for spin
multiplicities 2S + 1 = 6 – 18 (e.g. Table S4 in the SI). The lowest energy structure is
assumed to represent the most stable isomer. All local minimum structures were
confirmed by the absence of imaginary frequencies. SCF convergence is tedious and can
be achieved only at the expense  of relaxed SCF convergence criteria of 10-5 (as
compared to 10-8 in DFT calculations on light main group elemnts). Zero point energy
effects are small if any (see Table S1).
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4.2.4 Results and Discussion 
Molecular nitrogen adsorption on nickel cluster cations: Trends and limits of 
adsorption 
We stored the generated [Nin(N2)m]+ = (n,m) cluster adsorbate complexes in the 
cryogenic hexapole under isothermal conditions at 26 K. In all investigated cases 
(n = 5,..,20) stepwise N2 uptake reaches a strict adsorption limit mmax. Here (Fig. 1) and 
in the following we elucidate the two cases of (n,m) = (9,m) and (13,m). 
Figure 1. Temporal evolution of the mass spectra of mass-selected 
Ni9+ = (9,0) clusters exposed to 3.0 x 10-7 mbar of N2 in 3.0 x 10-6 mbar of 
He at 26 K for up to 5 s (left) and of mass-selected Ni13+ = (13,0) clusters 
exposed to 1.3 x 10-7 mbar of N2 in 3.0 x 10-6 mbar of He at 26 K for up to 
4 s (right).  
Starting from the bare nickel clusters, the temporal evolution of the detected species 
reveals a successive gain of 28 m/z, which does indicate the adsorption of molecular 
nitrogen. This temporal evolution indicates subtle details: In the case of (9,m) we 
observe the N2 adsorption limit at (9,13) preceded by an additional intermittent 
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adsorption limit at (9,8), which does not suppress further adsorption but causes some 
retardation. In the case of (13,m) we observe a sole N2 adsorption limit at (13,12) 
without any intermittent adsorption limit or retardation. Note that neither an increase 
of N2 pressure nor of storage times up to 30 s would drive the N2 adsorption beyond 
these limits at (9,13) and (13,12). 
Isothermal kinetics under cryogenic conditions 
We further investigated the stepwise N2 adsorption on Ni9+ and Ni13+ clusters at 26 K 
by recording their reaction kinetics in more detail, and we performed pseudo-first-order 
kinetic fits by our genetic algorithm routine, which confirms consecutive adsorption 
steps (Fig. 2). Both Ni9+ and Ni13+ clusters decay mono exponentially without any 
indication of a second component. This, and the overall superior quality of all fits, 
entitles us to fit each consecutive step by a single rate constant throughout. The fit of the 
very last adsorption step of (9,12) →  (9,13) requires a significant backward reaction in 
parallel, which indicates swift N2 desorption (9,13) → (9,12). It is noteworthy at this 
point to emphasize the obvious and manifest differences in the reaction kinetics of Ni9+ 
and Ni13+: N2 adsorption to Ni9+ takes place step by step at individual rates: Each step is 
different. N2 adsorption to Ni13+ takes place step by step at equal rates: Each step is the 
same.  
Figure 2. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Ni9+ clusters (left) and Ni13+ clusters (right) at 26 K. The fits (shown as 
lines) assume pseudo-first-order kinetics in a reaction chain of up to 13 
consecutive steps for Ni9+ clusters and up to 12 for Ni13+ clusters.  
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Fitting the experimental kinetics implies the quantitative determination of relative 
rate constants for N2 adsorption k(9,m) and k(13,m) for each step m → m+1, and for N2 
desorption k-(9,m+1) and k-(13,m+1) for each step m+1 → m alike: 
[��௡(�ଶ)௠]+ +  �ଶ   �(೙,೘)     �⎯⎯⎯⎯⎯��−(೙,೘+1)�⎯⎯⎯⎯⎯�     [��௡(�ଶ)௠+ଵ]+
The consecutive relative rate constants of the (9,m) species (cf. Fig. 3, Tab. 1) k(9,m) are 
constant up to k(9,4) within the uncertainties of the fits. Relative rate constants start to 
decline at k(9,5) and reach a minimum at k(9,8) = 1.5 s-1. The rate constants of the two 
subsequent adsorption steps k(9,9) and k(9,10) increase with further adsorption declining 
to a total minimum of k(9,12) = 0.7 s-1 (Tab. 2). Please note the sole significant backward 
reaction of N2 desorption from (9,13) of k-(9, 13) = 0.07. In all other cases any 
desorption/back reaction is insignificant up to our experimental detection limits. The 
determined relative rate constants of the (13,m) species are constant without variation 
within uncertainties of the fits up to the adsorption limit (k(13, m) ~ 4.4 s-1; cf. Fig. 3, 
Tab. 2). 
Figure 3. Observed rate constants of the (9,m) species (blue) and the 
(13,m) species (red) as a function of N2 coverage. Filled circles show the 
rate of adsorption and open circles indicate single N2 desorption. 
Collision rate constants are calculated as Langevin rates and on the basis of the SCC 
model. The ratios of the determined absolute rate constants k(୬,୫)ୟୠs  and either of the two 
collision rates kL or kSCC provide for absolute reaction efficiencies �L(n,m) or �SCC(n,m), 
respectively (see Tab.s S2and S3 for all values). Note that the current case of N2 
adsorption makes reaction efficiencies equivalent to sticking probabilities as defined in 
conjunction with surface science. 
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We obtain absolute rate constants in the range of 10-10 cm3 s-1 for all adsorption steps. 
In the case of (9,m) the absolute rate constants for the N2 adsorption attain their 
minimum of 1.24 x 10-10 cm3 s-1 when reaching  the adsorption limit. The absolute 
reaction efficiency for this last adsorption step is as low as 21 % (�L(9,12)) or 9 % 
(�SCC(9,12)), respectively (cf. Tab. 1). In contrast, the absolute rate constant for the 
observed N2 desorption from (9,13) is an order of magnitude smaller (cf. Tab. S2). 
Table 1. Pseudo-first-order rate constants for the N2 adsorption on Ni9+ clusters 
k(9,m) for each step m → m+1, related absolute rate constants k(9,୫)ୟୠs  and calculated 
absolute reaction efficiencies �L(9,m) and �SCC(9,m). 
m k(9,m) 
s-1
�(9,௠)௔��  
10-10 cm3 s-1
�L(9,m) �SCC9,m) 
0 3.6(3) 6.37 1.05 0.50 
1 4.2(3) 7.43 1.23 0.58 
2 3.9(3) 6.90 1.14 0.53 
3 3.9(3) 6.90 1.15 0.53 
4 3.6(3) 6.37 1.06 0.49 
5 3.5(3) 6.19 1.03 0.47 
6 3.1(3) 5.48 0.91 0.41 
7 2.4(2) 4.25 0.71 0.32 
8 1.5(2) 2.65 0.44 0.20 
9 2.1(2) 3.72 0.62 0.27 
10 3.8(4) 6.72 1.12 0.49 
11 1.1(1) 1.94 0.33 0.14 
12 0.7(1) 1.24 0.21 0.09 
The absolute rate constants for the N2 adsorption on Ni13+ clusters �(ଵଷ,௠)௔��  stay 
constant up the N2 adsorption limit. They exceed the predicted Langevin rates 
(~ 6.0 x 10-10 cm3 s-1) by 30 %, and they are 40 % below the collision rates 
(~ 13.5 x 10-10 cm3 s-1) by the SCC model. (cf. Tab. 2). 
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Table 2. Pseudo-first-order rate constants for the N2 adsorption on Ni13+ clusters 
k(13,m) for each step m → m+1, related absolute rate constants k(ଵଷ,୫)ୟୠs  and 
calculated absolute reaction efficiencies �L(13,m) and �SCC(13,m). 
m k(13,m) 
s-1
k(ଵଷ,୫)ୟୠs  
10-10 cm3 s-1
�L(13,m) �SCC(13,m) 
0 4.2(2) 7.38 1.23 0.54 
1 4.2(2) 7.38 1.23 0.54 
2 4.2(2) 7.38 1.23 0.53 
3 4.4(2) 7.74 1.29 0.56 
4 4.4(2) 7.74 1.29 0.55 
5 4.5(2) 7.91 1.32 0.56 
6 4.6(3) 8.09 1.35 0.57 
7 4.6(3) 8.09 1.35 0.57 
8 4.6(3) 8.09 1.36 0.56 
9 4.3(2) 7.56 1.27 0.52 
10 4.2(2) 7.38 1.24 0.51 
11 4.4(2) 7.74 1.30 0.53 
There is a significant change in the reaction rates for m ≥ 9 in (9,m), and there is an 
undisputable absence of m ≥ 13 species in (13,m). These two eminent findings may 
indicate various N2 coverage and cluster size dependent effects: A change in the 
adsorption type (e.g. end-on, side-on, head-on/atop (µ1), bridging (µ2) or face bound (µ3) 
etc.), a change in the N2 adsorption number per site (vicinal vs. geminal binding motifs), 
a change of the cluster geometry (reorganization/ isomerization), N2 adsorption shell 
closing, first monolayer formation, saturation of all coordination sites, differences in the 
morphology of the respective cluster surfaces. 
A change in the N2 adsorption type with coverage is rather unlikely on Ni compounds. 
Investigations of N2 adsorbed on Ni(100) and Ni(110) surfaces have suggest end-on 
coordination.95-96 N2 adsorption studies on neutral Ni clusters65-66 reinforce head-on 
coordination. 
A change in the N2 adsorption number per site on neutral Ni clusters has been 
suggested from so called uptake plots of average association numbers of multiple N2 
molecules under flow reactor conditions.65-66 It is found that atoms that are four or less 
coordinate can bind two nitrogen molecules. In some cases nitrogen adsorption causes a 
change in the cluster structure, usually to one that can accommodate more N2 molecules. 
It is an ongoing issue whether the prevalence of conceiving cluster isomers would 
have consequences on kinetic studies and how they would emerge. Two cases may 
prevail. If isomers undergo reactive processes at comparable rates it would show as 
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kinetics of a single species. It would not make a difference. If isomers react with different 
rates it would show in the form of bi- or multi-exponential kinetics. In the present cases 
of N2 adsorption on nickel clusters we have found no evidence for multi-exponential 
kinetics. All fits are by single exponentials, and we conclude that there is no evidence for 
distinctly different isomers. If prevailing they do need to take very similar structures 
and react with equal rates. 
The closing of a first adsorption shell would imply occupation of all available 
adsorption sites, which is first monolayer formation in surface science language. Once 
achieved, a change in kinetic efficiency of subsequent adsorption steps would be 
inevitable.  
Any discussion in terms of cluster surfaces requires prior knowledge – or at less 
sincere estimates – of cluster geometries. Icosahedral shapes and according trigonal 
binding motifs seem likely, given the ground breaking electron diffraction experiments 
of Schooß, Kappes et al.,97 which unambiguously unraveled a double closed shell 
icosahedral shape of Ni55- ions when trapped in an ion trap. From this and other work it 
is known that icosahedral motifs minimize surface energy in disfavor of bulk cohesion. It 
seems justified to assume such icosahedral motifs prevailing in smaller clusters as well – 
as confirmed by our DFT calculations (cf. in passage 3.4). A perfect icosahedron of Ni13+ 
provides for a single bulk atom and for 12 surface atoms of equal coordination to six 
nearest neighbors. It shows a smooth surface. 
The Ni9+ cluster arranges its atoms in remarkable contrast, likely in the form of a 
tricapped octahedron or in the form of a bicapped pentagonal bipyramid– which upon 
further cluster growth would easily isomerize into pure icosahedral shape. These cluster 
geometries provide various coordinated Ni atoms ranging from threefold coordination 
up to eightfold coordination to nearest neighbors. Both types show a rough surface. 
The origin of the found variation in relative rate constants in Ni9+ and its absence in 
Ni13+ seem to relate to the cluster surface morphologies. However, we address this issue 
by recording IR-PD spectra of the (n,m) species of interest.  
Experimental IR-PD spectra of the (n,m) species (n = 9, 13; m = 1,..,13) 
We have recorded IR-PD spectra of a large range of [Nin(N2)m]+ cluster adsorbate 
complexes. Here we want to present and discuss the two cases (n,m) = (9,m) and (13,m) 
up to m = mmax. The IR-PD spectra reveal several vibrational bands at frequencies of 
2170 cm-1 to 2260 cm-1 (Fig. 4). The range of these bands coincides with the range of 
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metal head-on coordinated N-N stretching modes in [Con(N2)1]+ cluster adsorbate 
complexes of our previous study.85 All bands are significantly redshifted with respect to 
the IR inactive stretching mode of free N2 at 2330 cm-1. 
The recorded IR-PD spectra of (9,m) show remarkable shifts of peak positions and 
onset of splittings by increase of the N2 coverage (cf. Fig. 4, left). This is indicative of a 
rough surface – as suggested by our kinetic results. In more detail: The IR-PD spectrum 
of the singly adsorbed species (9,1) shows a single band at 2238 cm-1. The (9,2) species 
shows a second blueshifted band at 2250 cm-1. Going to higher N2 coverages for the 
(9,m) clusters (m > 2) an additional readshifted weaker band occurs in the IR-PD 
spectra. The spectra in the range from m = 3 - 8 stand out by successive shifting of the 
stretching frequencies from 2220 - 2260 cm-1 to 2200 - 2240 cm-1 resulting in a major 
band at 2230 cm-1 and a minor band at 2210 cm-1 for the (9,8) species. The spectrum of 
the (9,9) species shows three resolved bands induced by a 10 cm-1 splitting of the major 
band. Further adsorption up to m = 13 leads to complicated vibrational patterns 
comprising multiple bands within a range of 70 cm-1. The spectrum of the (9,13) species 
shows two strong bands at 2181 cm-1 and 2252 cm-1 and several less intense bands in 
between. Note the overall asymmetrical broadening of the vibrational pattern to the red 
with N2 coverage.  
We also recorded the IR-PD spectrum of the (9,13) species in an extended frequency 
range of 1010 - 2340 cm-1 (cf. Fig. S1 of the supplementary information) – with no 
further recordable features arising. Thus, there is no evidence for the presence of 
adsorption types other than the head-on bound N2 as evident in the presented spectra. 
Each (13,m) IR-PD spectrum (Fig. 4, right) shows a single dominant band around 
2222 cm-1 which does not shift upon increasing N2 adsorption up to saturation. This 
encourages the proposition of a smooth Ni13+ clusters surface, where all 12 surface 
atoms are equivalent. Note the minor peak at 2230 cm-1 for (13,3) that progressively 
shifts to the blue and decreases with further N2 adsorption (black dotted line in Fig. 4). 
We tentatively attribut this feature to combination bands with N2 wagging modes. 
Interestingly, this would imply a gradual stiffening of the wagging coordinate with 
increasing N2 coverage of the adsorbing, curved cluster surface. This allows us to deduce 
a self organized proximity of as little as three to four N2 adsorbates on the Ni13+ cluster 
surface, and in consequence, an attraction amongst these adsorbates – albeit a weak one. 
Note that a coupling between the adsorbed N2 molecules could cause symetric and 
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antisymetric N2 stretching modes. These modes would accur in the IR-PD spectra with 
about equal intensities. 
Figure 4: IR-PD spectra of the (9,m) species (blue curves/left) and (13,m) 
species (red curves/right) at 26 K. Note the variation in the observed band 
positions and splittings with further adsorption for the (9,m) species in 
contrast to the single dominant band for all (13,m) species. The black 
dotted line highlights the minor peak, that progressively shifts to the blue 
and decreases with further N2 adsorption. See text for details. 
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Comparison of the experimental IR-PD spectra with simulations 
Geometry optimizations yielded multiple local minimum structures for the naked Ni9+ 
cluster, likely in an octet or decet spin state. A bicapped pentagonal bipyramidal cluster 
core is favoured. The found three most stable structures (0 – 21 kJ/mol) are of this motif 
and differ in positions of the capping two atoms. There is another stable structure 
(+ 30 kJ/mol) that consist of a tricapped octahedral geometry. Both structural motifs, 
the pentagonal and octahedral ones, prefer neighboring caping atoms in order to reach 
high coordination of their Ni atoms (computed geometries and their relative stabilities 
are shown in Fig. S2 of the supplementary information). We treated the Ni13+ cluster 
core in an assumed icosahedral structure only. Geometry optimization for multiple spin 
multiplicities resulted in a clearly preferred 2S + 1 = 16 spin state (relative stabilities for 
2S + 1 = 10-18 are listed in Tab. S4 of the supplementary information). 
In the case of Ni9+ the observed N2 adsorption limit at (9,13) is consistent with a 
tricapped octahedral as well as a bicapped pentagonal bipyramidal structure (both with 
neighboring capping atoms). In the case of Ni13+ the observed N2 adsorption limit at 
(13,12) is consistent with the icosahedral structure (cf. Fig. 5). 
The tricapped octahedron of Ni9+ provides for three atoms of threefold coordination to 
nearest neighbors, one atom of fourfold coordination, two atoms of fivefold 
coordination, two atoms of sixfold coordination, and one atom with sevenfold 
coordination. The bicapped pentagonal bipyramid provides for four atoms of fourfold 
coordination, two atoms of fivefold coordination, two atoms of sixfold coordination, and 
one atom with eightfold coordination. These geometries corroborate the observed 
adsorption limit (9,13) as well as the intermittent adsorption limit (9,8). The (9,8) case 
would result from all but the seven- or eightfold coordinated Ni atoms binding one N2 
molecule, and (9,13) from geminal binding of N2 to the three- and fourfold coordinated 
Ni atoms and single N2 binding to the seven- or eightfold coordinated Ni atoms. 
The icosahedral Ni13+ provides for a single bulk atom and for 12 Ni surface atoms of 
equal coordination to six nearest Ni neighbors. This geometry corroborates the 
observed adsorption limit (13,12), which results from binding of a single N2 to each of 
the 12 Ni surface atoms – a motif that may be called a mono layer or a first solvation 
shell at will. 
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We have conducted further DFT simulations to obtain linear IR absorption spectra for 
numerous relevant complex structures, and with variation of the spin multiplicity of the 
Ni cluster cores. The obtained IR spectra for the (n,m) species are sensitive to the 
binding position of the adsorbed N2, to its adsorption angle and to geminal N2 
adsorption (two N2 adsorbate to one Ni atom). We have considered a variation of spin 
multiplicities in the range of 2S + 1 = 6-18. Note, that the spin contamination is 
insignificantly small (e.g. in case of decets: S2-24.75 < 10-2). In the case of the Ni9+ cluster 
we find highest stability in octet and decet spin states, and this persists upon N2 
adsortion up to the adsortion limit (9,13). In the case of the Ni13+ cluster we find a clear 
preference of high spin states in the naked cluster (2S+1 = 16), that diminishes gradually 
upon stepwise N2 adsorption up to the adsorption limit (13,12) which is preferentially a 
decet. In the following, we restrict ourselves to the elucidation of the cases (n,m) = (9,2), 
(9,5), (9,8), (9,9) and (13,12). 
The best fit of the experimental IR-PD spectrum of [Ni9(N2)2]+ is obtained by a DFT 
simulation of the tricapped octahedron (9,2) species, where the two N2 adsorbates 
locate at two (out of three) capping atoms (c.f Fig. 6). The calculated two N – N 
(9,0) (13,0)
bicapped pentagonal 
bipyramidal
(9,13)
icosahedral
(13,12)
(9,0)
tricapped octahedral
(9,13)
Figure 5. Computed geometries of different possible (n,m) (m = 0, mmax) 
species. The displayed tricapped octahedral and bicapped pentagonal 
bipyramidal Ni9+ clusters and the icosahedral Ni13+ cluster are low lying 
stable geometries. Sole head-on coordination results in (9,13) from 
geminal N2 binding to the three- and four-coordinate atoms and single N2 
binding to the five, six, seven and eight-coordinate atoms. (13,12) results 
from single N2 binding to all 12 surface atoms. 
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stretching frequencies split by 10 cm-1, the  N2 adsorbates locating on the inner and one 
of the two outer Ni capping atoms, which make for two similar, but inequivalent 
adsorption sites. The N2 adsorbate at the outer capping Ni atom reveals a Ni-N bond 
distance (1.92 Å) which is 0.02 Å greater than that at the inner capping Ni atom (1.90 Å). 
The former case corresponds to a weaker π back-bonding, resulting in a blueshift of the 
N2 stretching frequency.98 Note, that the second band cannot be explained by the 
assumption of a bicapped pentagonal bipyramial cluster core, where a double N2 
adsorption to the lowest coordinated Ni atoms would lead to degenerate vibrational 
bands with a vanishing splitting – other than observed. 
Figure 6. IR-PD spectrum of (9,2) (blue) and the calculated IR absorption 
spectrum for the tricapped octahedral motif where the N2 molecules are 
adsorbed by different Ni capping atoms (black; PBE0/ECP(Ni), cc-
pVTZ(N), 2S + 1 = 10). The calculated spectrum is scaled by 0.93 and 
simulated using the gaussian profile of fwhm = 5 cm-1. 
When further increasing the N2 coverage (m = 3) the simulated spectra are in line with 
the experimental spectra when sticking with the assumption of a tricapped octahedral 
structure. Note, that it is not feasible to achieve a definite assignment of the 
experimental spectrum, which is not fully resolved. It is conceivable, that there are 
multiple N2 adsorption isomers. For even higher adsoption numbers (m η 4) we find 
best agreement of calculated and measured IR spectra when assuming a bicapped 
pentagonal bipyramidal motif. However, there may be a bicapped pentagonal bipyramid 
and a tricapped octahedron in coexistence. 
In particular when reckoning the m = 5 case the adsorption angles of the N2 molecules 
appear to influence the absorption spectra significantly (Fig. 7). This comes in parallel to 
the theoretical prediction of an isomerization of the Ni9+ cluster by the increased N2 
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coverage: Naked and m ζ 4 tricapped octahedra seem to become a bicapped pentagonal 
bipyramid, and the dectet spin state persists. It would be a valid point of further 
investigation to check for the N2 bending coordinate by parametric variation in a series 
of explicit DFT calculations, and to check for possible fingerprints by even colder high 
resolution IR spectra.  
The N2 uptake studies of small neutral Ni clusters65 emphasize two cases, Ni8 and Ni9, 
with evidence for two (or more) bare cluster structures at very low N2 coverages. The 
mass spectra show clear bimodal distributions which hint for an isomerization at low N2 
coverages. They suggest that these two clusters, each, have two isomers of comparable 
energy. We are in line with these early findings.99 
Figure 7. IR-PD spectrum of (9,5) (blue) and calculated IR absorption 
spectra for the bicapped pentagonal bipyramidal motif with different N2 
adsorption angles (black; PBE0/ECP(Ni), cc-pVTZ(N), 2S + 1 = 10) scaled 
by 0.93 and simulated using the gaussian profile of fwhm = 5 cm-1. Note 
that the viewpoint of the Ni9+ cluster is rotated with respect to that of 
Fig. 5. 
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Another issue of great interest is the onset of major splittings of the main N2 stretching 
band for m > 8 (Fig. 8). We interpret these splittings in terms of a geminal N2 adsorption 
– two N2 adsorbates to a single Ni atom – in the (9,9) case. The resulting symmetric and
antisymmetric N2 stretching frequencies would split by ~10 cm-1. DFT modelling
reveals: The higher an adsorbing Ni atom is coordinated within the cluster the more
redshifted is the stretching frequency of the adsorbed N2. It is unlikely that the origin of
the observed vibrational splittings of (9,9) originates from an N2 coordination to the
highest coordinated Ni atom – which stays vacant in favor of the geminal N2 adsorption
at a low coordinated Ni atom.
Figure 8. IR-PD spectra of (9,8) and (9,9) (blue) and calculated IR 
absorption spectra for the bicapped pentagonal bipyramidal motif with 
and without geminal binding (black; PBE0/ECP(Ni),cc-pVTZ(N), 
2S + 1 = 10) scaled by 0.93 and simulated using the gaussian profile of 
fwhm = 5 cm-1. 
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Trends in the calculated N2 binding energies of Ni9+ are in line with the kinetic and 
spectroscopic findings of this study (Tab. 3). The first N2 binds stronger, ΔadsH0 K(9,1) = 76 kJ/mol (0.79 eV), than all subsequent adsorbates, namely all other 
(9,m) cases. Further N2 adsorption up to the (9,8) species takes place with ΔadsH0 K(9,m ζ 8) ~ 50 kJ/mol. It is the 9th N2 molecule which binds significantly weaker, ΔadsH0 K(9,9) ~ 20 kJ/mol - a finding which nicely matches the occurrence of an observed 
intermittent limit at (9,8). Notice, that the case of (9,9) favors by ~5 kJ/mol one instance 
of geminal N2 adsorption over one N2 adsorption to the highest (eightfold) coordinated 
Ni site. 
Table 3. Calculated N2 binding energies of the last adsorbed N2 (highlighted in 
magenta) to various (9,m) species in decet spin states. 
(n.m) 
calculated N2 binding 
energy / kJ/mol
(9,1) -75.9
(9,2) -53.6
(9,8) -46.5
(9,9) -20.4
(9,9) -15.8
Further N2 adsorption up to the adsorption limit at (9,13) leads to complicated 
vibrational patterns comprising multiple bands, most likely by further splittings as a 
result of geminal N2 adsorption on the remaining three lowest coordinated Ni atoms and 
by adsorption on the highest coordinated Ni atom. The observed vibrational bands 
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spread out over more than 70 cm-1 for m > 9, and this finding is well reproduced by our 
calculated IR spectra, but they fail in reflecting the absolut vibrational patterns (cf. 
Fig. S5-12 in the supplemaentary information for more details on the (9.m) species). 
In the case of [Ni13(N2)12]+, which is the (13,12) species, we find good agreement of the 
experimental IR-PD spectra and the calculated IR absorption spectra, when assuming a 
spin quenching from 2S + 1 = 16 → 10 when m = 0 → 12. Each experimental (13,m) 
IR-PD spectrum shows a single dominant band around 2222 cm-1 which does not shift 
upon increasing N2 adsorption up to its limit. Assuming a perfect icosahedral Ni13+ core, 
all 12 surface atoms would be equivalent and the N2 stretching frequencies would 
degenerate – as observed. Note, that such degeneracy is indeed predicted from DFT 
calculations of (13,m) when assuming the gradual spin quenching discussed above. 
Otherwise, there would be clearly discernible band splittings (cf. Fig. 9) – other than 
observed. 
Figure 9. IR-PD spectrum of (13,12) (red) and calculated IR absorption 
spectra (black; PBE0/ECP(Ni),cc-pVTZ(N)) scaled by 0.93 with variation 
by the spin multiplicity of the icosahedral nickel cluster core (likely 
2S + 1 = 10, 12, 14, 16, 18) and simulated using the gaussian profile of 
fwhm = 5 cm-1. 
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Linear IR absorption spectra of several (9,m) species were calculated including the 
Grimme correction for dispersion with the original D3 damping function (GD3).100 There 
is no significant change in band positions or intensities (cf. Fig. S13-14 in the 
supplementary information for the comparison of calculated spectra for (9,8) and (9,9) 
including GD3). 
There is no clear correlation between N2 vibrational frequencies and individual 
adsorption enthalpies, in particular when multiple N2s adsorb. Their vibrational modes 
are coupled, and the adsorption/desorption likely implies reorganization of the 
adsorbate layer. 
Our DFT level of theory would not cover antiferromagnetic coupling within the Ni 
cluster core. As of now we conclude that there is no evidence by our IR-PD spectra of 
either ferro- or antiferromagnetic coupling in Ni13+. Other than in the case of Fe13+,46, 101 
the XMCD investigation of Ni13+ did not reveal any evidence for a reduction of magnetic 
moments by antiferromagnetic coupling.46  
Finally, our non relativistic DFT level of theory does not cover relativistic effects such 
as – most notably – spin orbit couplings. These, however, likely alter the orbital 
occupations within the Ni cluster core, which in turn might influence the coupling to and 
force constants with N2 adsorbates. Thus, the calculated adsorbate vibrations may 
depend significantly on the spin multiplicity and in case of otherwise equivalent 
adsorbate motifs. 
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4.2.5 Conclusions 
We have investigated the stepwise N2 adsorption on size selected Nin+ (n = 5-20) 
clusters by recording their reaction kinetics at 26 K in a hexapole ion trap. We 
performed pseudo-first-order kinetic fits, which confirm consecutive adsorption steps 
by single exponentially decays exclusively, and we have chosen to discuss the 
archetypical cases of Ni9+ and Ni13+ in more detail. These two clusters show remarkable 
differences in the N2 adsorption trends and in the adsorption limits of saturation: N2 
adsorption on Ni9+ takes place at individual rates up to the adsorption limit at 
[Ni9(N2)13]+ and retards at an additional intermittent adsorption limit at [Ni9(N2)8]+. The 
fit of the very last adsorption step reveals a significant backward reaction, which 
indicates swift N2 desorption. N2 adsorption on Ni13+ takes place at equal rates up to the 
adsorption limit at [Ni13(N2)12]+. Ourt findings indicative a rough cluster surface of Ni9+ 
with inequivalent adsorption sites and a smooth cluster surface of Ni13+ with equivalent 
adsorption sites. 
We have further investigated the origin of the found variation in relative rate 
constants in Ni9+ and its absence in Ni13+ via IR-PD spectroscopy. The recorded spectra 
of all observed cluster adsorbate complexes reveal IR active vibrational bands at 
frequencies of 2170 cm-1 to 2260 cm-1. The recorded range of these bands is compatible 
with the range of published head-on coordinated N-N stretching modes on TM metals. 
The IR-PD spectra of [Ni9(N2)m]+ show significant shifts of peak positions and onset of 
splittings by increase of the N2 coverage, as suggested by our kinetic results. In contrast, 
all IR-PD spectra of [Ni13(N2)m]+ shows a single dominant band around 2222 cm-1 which 
does not shift upon increasing N2 adsorption up to saturation. This further encourages 
the proposition of a smooth Ni13+ clusters surface, where all surface atoms are 
equivalent. 
Current DFT calculations reinforce a possible isomerization with low N2 coverage in 
the case of Ni9+, most likely from a tricapped octahedron to a bicapped pentagonal 
bipyramid, and geminal binding of N2 setting in at m = 9. In the case of Ni13+ we assume 
an icosahedral structure which coincides with all experimental findings and theory. 
Our present study unravels subtle details of N2 adsorption to individual sites on 
cluster surfaces of high (Ni9+) and low curvatures (Ni13+). High curvature enables low 
coordinated sites and surface roughness. Low curvature implies a higher regularity, 
equal coordinated sites and surface smoothness. The rough surface of Ni9+ provides for a 
large variation of N2 adsorption in terms of enthalpy and N2 bond softening, while the 
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smooth surface of Ni13+ merely provides one such case at all levels of N2 coverage. It 
seems likely that a variation of adsorption conditions is more efficient for catalytic needs 
than a single situation. Rough likely beats smooth. The current study paves the way for 
subsequent N2 activation studies with more active transition metals and their alloys. 
Such studies are underway. 
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1. Energy differences including zero-point-energy corrections for several [Ni9(N2)1]+
isomers
Table S1. Relative stabilities including zero-point-correction (in kJ/mol) for the 
computed tricapped octahedral Ni9+ cluster core upon the first N2 adsorption for 
decet spin states at several adsorption positions. 
position ∆�ܷ଴ � ∆�ܷ଴ �௓��  ∆�ܷଷ଴଴ � ∆�ܪଷ଴଴ � ∆�ܩଷ଴଴ � 
3,1 4.5 5.5 9.5 9.5 0 
3,2 0 0 0 0 0.8 
4 15.9 16.1 18.3 18.3 13.7 
5 10.8 10.8 12.8 12.8 9.2 
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2. Detailed information on all observed reaction steps of the N2
adsorption/desorption 
Table S2. Pseudo-first-order rate constants for the N2 adsorption/desorption on 
Ni9+ clusters (k(9,m) and k-(9,m+1)), related absolute rate constants (k(9,୫)ୟୠs  and 
k−(9,୫+ଵ)ୟୠs ) calculated collision rates (kL and kSCC).
m 
k(9,m) 
s-1
k-(9,m+1) 
s-1
�(9,௠)௔��  
10-10 cm3 s-1
k−(9,୫+ଵ)ୟୠs  
10-13 cm3 s-1
kL 
10-10 cm3 s-1
kSCC
10-10 cm3 s-1
0 3.6(3) <0.001 6.37 <1.77 6.05 12.66 
1 4.2(3) <0.001 7.43 <1.77 6.04 12.78 
2 3.9(3) <0.001 6.90 <1.77 6.03 12.91 
3 3.9(3) <0.001 6.90 <1.77 6.02 13.02 
4 3.6(4) <0.001 6.37 <1.77 6.02 13.13 
5 3.5(4) <0.001 6.19 <1.77 6.01 13.24 
6 3.1(3) <0.001 5.48 <1.77 6.01 13.36 
7 2.4(2) <0.001 4.25 <1.77 6.00 13.46 
8 1.5(2) <0.001 2.65 <1.77 6.00 13.57 
9 2.1(2) <0.001 3.72 <1.77 5.99 13.68 
10 3.8(4) <0.001 6.72 <1.77 5.99 13.78 
11 1.1(1) <0.001 1.94 <1.77 5.99 13.88 
12 0.7(1) 0.07(1) 1.24 123 5.98 13.98 
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Table S3. Pseudo-first-order rate constants for the N2 adsorption/desorption on 
Ni13+ clusters (k(13,m) and k-(13,m+1)), related absolute rate constants (k(ଵଷ,୫)ୟୠs  and 
k−(ଵଷ,୫+ଵ)ୟୠs ) and calculated collision rates (kL and kSCC). 
m 
k(13,m) 
s-1
k-(13,m+1)
s-1
k(ଵଷ,୫)ୟୠs  
10-10 cm3 s-1
k−(ଵଷ,୫+ଵ)ୟୠs  
10-13 cm3 s-1
kL 
10-10 cm3 s-1
kSCC
10-10 cm3 s-1
0 4.2(2) <0.001 7.43 <1.77 6.00 13.60 
1 4.2(2) <0.001 7.43 <1.77 5.99 13.71 
2 4.2(2) <0.001 7.43 <1.77 5.99 13.81 
3 4.4(2) <0.001 7.78 <1.77 5.99 13.91 
4 4.4(2) <0.001 7.78 <1.77 5.98 14.01 
5 4.5(2) <0.001 7.96 <1.77 5.98 14.11 
6 4.6(3) <0.001 8.14 <1.77 5.98 14.20 
7 4.6(3) <0.001 8.14 <1.77 5.97 14.30 
8 4.6(3) <0.001 8.14 <1.77 5.97 14.39 
9 4.3(2) <0.001 7.61 <1.77 5.97 14.48 
10 4.2(2) <0.001 7.43 <1.77 5.97 14.57 
11 4.4(2) <0.001 7.78 <1.77 5.96 14.66 
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3. Spectrum of the (9,13) species in an extended frequency range
Figure S1. IR-MPD spectrum of the (9,13) species in an extended 
frequency range of 1010 - 2340 cm-1. Note, that this spectrum has been 
recorded with increased laser power. 
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4. Computed geometries and relative energies for multiple local minimum
structures for the naked Ni9+ cluster and relative stabilities for icosahedral Ni13+ clusters 
considereing several spin states.  
Figure S2: Computed geometries for Ni9+ and their relative stabilities. 
Note, that the stated values are given for the favoured spin multiplicity, 
respectively. 
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Table S4. Relative stabilities for computed icosahedral Ni13+ with variation of the 
spin multiplicity, 2S + 1 = 10-18. 
2S+1 rel. energy / kJ/mol 
10 56 
12 50 
14 31 
16 0 
18 89 
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5. Possible adsorption positions on the tricapped octahedral Ni9+ cluster core and
relative stabilities with variation of the spin multiplicity 
Figure S3: Tricapped octahedron with numbered adsorption positions. 
Note, that each number reflects the Ni-Ni coordination, respectively.  
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Table S5. Relative stabilities for the computed tricapped octahedral Ni9+ cluster 
core upon the first N2 adsorption with variation of the spin multiplicity and 
adsorption position. 
position 2S+1 rel. energy / kJ/mol 
3,1 6 23 
8 67 
10 5 
12 103 
14 168 
3,2 6 75 
8 82 
10 0 
12 97 
14 139 
4 6 22 
8 74 
10 16 
12 94 
14 205 
5 6 22 
8 17 
10 10 
14 154 
6 6 24 
8 57 
10 15 
12 74 
14 189 
7 6 138 
8 33 
10 22 
12 111 
14 187 
For low adsoption numbers DFT modelling suggests the first N2 coordination to a threefold 
(3,1 and 3,2) coordinated Ni atom, most likely to the middle capping atom (3,2,).  
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6. Comparison of the experimental IR-PD spectrum of (9,2) and calculated IR
absorption spectra for the assumed tricapped octahedral and bicapped pentagonal 
bipyramidal Ni9+ motifs 
Figure S4. IR-PD spectrum of (9,2) (blue) and the calculated IR absorption 
spectra for the tricapped octahedral and bicapped pentagonal bipyramidal 
motifs with variation in the adsorbing Ni atoms (black; PBE0/ECP(Ni), cc-
pVTZ(N), 2S + 1 = 10). The calculated spectra are scaled by 0.93 and 
simulated using the gaussian profile of fwhm = 5 cm-1.
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7. Comparison of the experimental IR-PD spectra of (9,m) (m = 3,4,6,7, and 10-13)
and calculated IR absorption spectra for the assumed tricapped octahedral and bicapped 
pentagonal bipyramidal Ni9+ motifs 
Figure S5. IR-PD spectrum of (9,3) (blue) and the calculated IR absorption 
spectra for the tricapped octahedral and bicapped pentagonal bipyramidal 
motifs with variation in the adsorbing Ni atoms (black; PBE0/ECP(Ni), cc-
pVTZ(N), 2S + 1 = 10). The calculated spectra are scaled by 0.93 and 
simulated using the gaussian profile of fwhm = 5 cm-1. 
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Figure S6. IR-PD spectrum of (9,4) (blue) and the calculated IR absorption 
spectra for the tricapped octahedral and bicapped pentagonal bipyramidal 
motifs with variation in the adsorbing Ni atoms (black; PBE0/ECP(Ni), cc-
pVTZ(N), 2S + 1 = 10). The calculated spectra are scaled by 0.93 and 
simulated using the gaussian profile of fwhm = 5 cm-1. 
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Figure S7. IR-PD spectrum of (9,6) (blue) and the calculated IR absorption 
spectra for the tricapped octahedral and bicapped pentagonal bipyramidal 
motifs with variation in the adsorbing Ni atoms (black; PBE0/ECP(Ni), cc-
pVTZ(N), 2S + 1 = 10). The calculated spectra are scaled by 0.93 and 
simulated using the gaussian profile of fwhm = 5 cm-1. 
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Figure S8. IR-PD spectrum of (9,7) (blue) and the calculated IR absorption 
spectra for the tricapped octahedral and bicapped pentagonal bipyramidal 
motifs with variation in the adsorbing Ni atoms (black; PBE0/ECP(Ni), cc-
pVTZ(N), 2S + 1 = 10). The calculated spectra are scaled by 0.93 and 
simulated using the gaussian profile of fwhm = 5 cm-1. 
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Figure S9. IR-PD spectrum of (9,10) (blue) and the calculated IR 
absorption spectra for the tricapped octahedral and bicapped pentagonal 
bipyramidal motifs with variation in the adsorbing Ni atoms and in spin 
multiplicities (black; PBE0/ECP(Ni), cc-pVTZ(N)). The calculated spectra 
are scaled by 0.93 and simulated using the gaussian profile of 
fwhm = 5 cm-1. 
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Figure S10. IR-PD spectrum of (9,11) (blue) and the calculated IR 
absorption spectra for the tricapped octahedral and bicapped pentagonal 
bipyramidal motifs with variation in the adsorbing Ni atoms and in spin 
multiplicities (black; PBE0/ECP(Ni), cc-pVTZ(N)). The calculated spectra 
are scaled by 0.93 and simulated using the gaussian profile of 
fwhm = 5 cm-1. 
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Figure S11. IR-PD spectrum of (9,12) (blue) and the calculated IR 
absorption spectra for the tricapped octahedral and bicapped pentagonal 
bipyramidal motifs with variation in the sole vacant Ni atom and in spin 
multiplicities (black; PBE0/ECP(Ni), cc-pVTZ(N)). The calculated spectra 
are scaled by 0.93 and simulated using the gaussian profile of 
fwhm = 5 cm-1. 
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Figure S12. IR-PD spectrum of (9,13) (blue) and the calculated IR 
absorption spectra for the tricapped octahedral and bicapped pentagonal 
bipyramidal motifs with maximum N2 adsorption as shown in Fig. 5 
(black; PBE0/ECP(Ni), cc-pVTZ(N)). The calculated spectra are scaled by 
0.93 and simulated using the gaussian profile of fwhm = 5 cm-1. 
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8. Calculated IR absorption spectra including the Grimme correction for dispersion
with the original D3 damping function (GD3) 
Figure S13. Calculated IR absorption spectra for the tricapped octahedral 
motif (top lanes) in comparison with calculated IR absorption spectra 
including the Grimme correction for dispersion with the original D3 
damping function (bottom lanes) for (9,8) for the octet spin state (left) 
and the decet spin state (right). The calculated spectra are scaled by 0.93 
and simulated using the gaussian profile of fwhm = 5 cm-1. 
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Figure S14. Calculated IR absorption spectra for the tricapped octahedral 
motif (top lanes) in comparison with calculated IR absorption spectra 
including the Grimme correction for dispersion with the original D3 
damping function (bottom lanes) for (9,9) for the octet spin state (left) 
and the decet spin state (right). The calculated spectra are scaled by 0.93 
and simulated using the gaussian profile of fwhm = 5 cm-1. 
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4.3 Paper draft: “Isothermal Cryo Kinetics of Cationic Nickel Clusters” 
 
The following paper draft named “Isothermal Cryo Kinetics of Cationic Nickel Clusters” 
was prepared to be published in a slightly shorter version. The experiments were 
performed by Sebastian Dillinger and myself. The data evaluation was done by myself. 
The initial paper draft was put together by myself. G. Niedner-Schatteburg was involved 
in the revision of the manuscript. 
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Isothermal Cryo Kinetics of 
Cationic Nickel Clusters 
Jennifer Mohrbach, Sebastian Dillinger, and Gereon Niedner-Schatteburg 
Fachbereich Chemie and Forschungszentrum OPTIMAS,  
Technische Universität Kaiserslautern,  
67663 Kaiserslautern, Germany 
 
 
 
 
 
 
4.3.1 Abstract  
The stepwise N2 adsorption on size selected Nin+ (n =5-20) clusters at 26 K is studied 
in a hybrid tandem ion trap instrument in order to predict geometrical cluster 
structures. Isothermal adsorption kinetics of these clusters allow for the elucidation of 
N2 coverage and cluster size dependent effects, which are related to the respective 
cluster surface morphologies. Pseudo-first-order kinetic fits confirm consecutive 
adsorption steps by single exponentially decays exclusively. N2 desorption, if any, only 
occurs at high levels of N2 coverage. In all investigated cases, stepwise N2 uptake reaches 
a strict adsorption limit mmax, which shows no evidence for further increase and scales 
with cluster size. The reaction rates for the initial N2 adsorption increase smoothly with 
cluster size. There is no significant size-dependent variation in the reaction rates. 
Recorded Infrared Photon Dissociation (IR-PD) spectra of the [Nin(N2)1,2]- cluster 
adsorbate complexes reveal IR active bands in the head-on bound N2 stretching 
vibrational region. The observed overall redshift with cluster size is understood in terms 
of the charge dilution model.  
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4.3.2 Introduction 
The determination of the geometrical structure of transition metal (TM) clusters is of 
great interest, e.g. for the elucidation of active sites on the respective clusters in catalytic 
processes. Yet, it remains extremely difficult, both theoretically and experimentally. 
Reactivity studies of naked metal clusters provide a suitable experimental technique for 
cluster structure determination. The adsorption of weakly bound molecules to clusters 
can be used to probe the arrangement of the clusters’ surface atoms. From the 
knowledge of the cluster surface it is often possible to infer the overall cluster structure. 
In the context of CO adsorption to metal clusters and of related carbonyl complexes it 
showed that adsorbates may well serve to titrate available surface sites up to saturation 
for the elucidation of underlying structural motifs.1-2 Beyond mere adsorption it 
warrants to study and understand the activation of this and other diatomic molecules 
such as e.g. NO, N2, and H2, driven by perspectives and challenges in heterogeneous 
catalysis.3-5  
The N2 adsorption to Fe surfaces has been elucidated by angle resolved LEED studies 
in conjunction with potential surface modelling, concluding in α-N2 and -N2 motifs6 
which resemble η2 side-on and η1 end-on coordination of N2 to multiple and single metal 
centers, respectively. Early adsorption studies of CO on Nin- (n=3-10) clusters determined 
saturation limits,7 and the results on those cluster reactions with N2, O2, CO2 and N2O 
were interpreted in terms of cluster structures by empirical many-body potential and by 
subsequent mol. dynamics (MD) simulations.8 Collision induced dissoociation (CID) 
studies of Nin+ (n=2-18) determined bond strengths and cohesion energies.9 Butadiene 
dehydrogenation by Nin+ (n≤10) was found to be less efficient than by Pdn+ or Ptn+.10 
Kinetic studies of nickel cluster reactions with NO2 revealed complex reaction 
mechanisms.11 Hot kinetics of C60 adsorption to Nin (n=2-72) revealed a size dependence 
consistent with C60 adsorption on essentially spherical Nin clusters without any evidence 
for C60 decomposition.12 Methanol undergoes chemisorption, demethanation, and 
carbide formation by Nin+ (n=3-11), which was found to change dramatically with 
cluster size,13 and the total reactivity to anti-correlate to the HOMO-LUMO gap.14 
Exposure of isolated Nin+ (n=3-11) cluster cations to benzene revealed vivid acetylene 
formation.13 Multistep reactions of Nin+ (n=2-29) with O2 revealed a selective formation 
of the nickel suboxides Ni13O8+ and Ni16O10+.15 Structural, magnetic and adsorption 
properties of Nin (n=2-16, 21, 55) by DFT calculations with the Perdew-Burke-Ernzerhof 
(PBE) functional elucidated the most stable isomers and their CH4 adsorption into ”on 
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top” sites to be understood in terms of the electronic stability and localization of the 
frontier MO’s.16 Chemical probe experiments helped to elucidate structural motifs of Nin 
and Con clusters (n = 50-200), using ammonia and water as chemical probe molecules.17-
18 The uptake of molecular nitrogen to small Nin clusters (n = 3-28, 49-71) helped to 
propose structures for bare clusters as well as for fully nitrogenated clusters.19-21  
The dissociation of ions and mass detection of the resulting fragments helps in 
gathering structural information of molecules. The study of the vibrational modes of 
adsorbates on TM clusters and in TM coordination complexes as isolated ions by 
Infrared Multiple Photon Dissociation (IR-MPD) is prevalent.22-25 The IR-MPD method 
has been extended by the introduction of tunable free electron lasers (FEL).26-28 
Nowadays, cryo IR-action spectroscopy in combination with the so called tagging or 
messenger techniques achieves significant advantages. The weakly bound messenger 
provides for a preferred fragmentation channel, often driven by the adsorption of a 
single photon.29-30 The influence of net charge and the oxidation state of TM clusters 
onto CO adsorption in terms of a charge dilution model.31-33  
We have performed kinetic studies of hydrocarbon activation on charged TM 
clusters,34 and we have introduced X-ray studies by cryo ion trapping for the 
investigation of spin and orbital contributions to the magnetic moments of TM 
clusters.35-36 By utilizing table top IR lasers we have been investigating dark IR-MPD 
bands in oligonuclear TM complexes,37 torsional isomerizations,38 and multistate-
mediated rearrangements.39 Our tandem cryo ion trap instrument40 enabled us to focus 
on the vibrational spectroscopy of N2 adsorbates on size selected TM clusters under 
isothermal cryo conditions, first results on [Con(N2)1]+ (n = 8 - 17) clusters, [Nin(N2)m]+ 
(n = 9, 13; m = 0 - 13) clusters and on “non classical” Fe dinitrogen complexes being 
published.41-43 
This study aims to elucidate N2 adsorption onto cationic nickel clusters [Nin(N2)m]+ 
(n = 5-20) by kinetic investigations, supported by IR-PD . We aim to gain insight into the 
metal-adsorbate bonding and to unravel structure-reactivity relationships. All of the 
present findings from our current kinetics and spectroscopic studies shall receive swift 
comparison to/with appropriate further extended spectroscopic investigations and with 
large scale DFT modelling – both of which are in the making. 
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4.3.3 Experimental and computational methods 
A customized Fourier Transform-Ion Cyclotron Resonance (FT-ICR) mass 
spectrometer (Apex Ultra Bruker Daltonics) served to perform the cluster production, 
isolation, N2 condensation and mass analysis. A detailed description has been given 
before.42 In brief: The nickel clusters were generated using a home-built laser 
vaporization cluster ion source as described before.44-45 Nickel atoms are evaporated 
from a rotating 0.4 mm thick isotopically enriched Ni foil (99,61%, Oak Ridge National 
Laboratories) by the second harmonic of a pulsed Nd:YAG laser (Innolas Spitlight 300, 
20 Hz). The hot plasma is captured by a He gas pulse (40 µs, 15 bar) created by a 
homebuilt piezoelectric valve46 and expanded into vacuum (10-7 mbar). The mass 
selected clusters injected into a cryogenic hexapole ion trap. The ion trap is cooled to 
26 K by a closed cycle He cryostat. Buffer and reaction gas are introduced continuously. 
Sufficient nitrogen attachment is achieved by increasing the pressure in the ion trap 
from 1 x 10-7 mbar up to 4.5 x 10-7 mbar. Additional He is introduced to accomplish an 
efficient trapping and cooling of the ions (~ 5 x 10-6 mbar). After storing the mass-
selected ions for a variable time (0-30 s), the manipulated ions of the form 
[Nin(N2)m]+ = (n,m) are guided by electrostatic lenses into the FT-ICR cell of the so-called 
‘‘infinity’’ type.47 The ICR cell is held at temperatures below 10 K with a closed cycle He 
cryostat to prevent heating of the clusters by black body radiation prior to ion detection.  
The ICR cell serves for the detection of the formed [Nin(N2)m]+ = (n,m) cluster 
adsorbate complexes. The kinetic curves of cationic nickel clusters and their nitrogen 
adducts originate from reaction delay scans and subsequent evaluation of the recorded 
mass spectra. Fits to pseudo-first-order-kinetics occur through the “evofit” program.48 
Our thus determined rate constants for the (n,m) species (recorded at various pressures 
p(N2) = 1.1 - 3.5 x 10-7 mbar) are normalized to the experimental conditions for the 
(13,m) species (recorded at p(N2) = 1.3 x 10-7 mbar). Fitting the experimental kinetics 
implies the quantitative determination of relative rate constants for N2 adsorption k(n,m) 
for each step m → m+1, and for N2 desorption k-(n,m+1) for each step m+1 → m alike: 
[()
] +          (,)     (,)     [()
] 
The relative rate constants k(n,m) determine the absolute rate constants (,
) , the 
absolute collision gas number densities  !(") serving as the conversion factor:  (,
) = (,
)/ !(") 
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We obtain approximate values for  !(") indirectly from the pressure in the 
surrounding chamber pc(300 K) and an effective geometry factor capp: 
 !(26 ') = ())*+,-- ./",-- .  
The geometry factor capp shows to bear a significant dependence on the temperature of 
the hexapole ion trap. By numerous kinetic studies of transition metal cluster cations 
with neutral reactants at cryogenic temperatures we evaluated this factor capp to 
1.8 ± 0.4 at 26 K with a net uncertainty of ± 50%.  
The classical Langevin collision rate of ions with neutrals49 is conveniently extended 
towards polar molecules by the average dipole orientation theory (ADO).50-51 The ADO 
theory gives the theoretical limit of the absolute rate constants, the collision rate kADO, 
based on a classical trajectory of a linear dipole in the field of a point charge:  
012 = 32ε-√μ 6√7 + (μ18 29/": 
µ is the reduced mass (of the cluster adsorbate complex), α is the polarizability and μD is 
the dipole moment (in Debye). The parameter c lies between 0 and 1, and can be 
expressed by the polarizability volume α'and μD.52 
This ADO theory is frequently used to calculate the reaction rates of charged clusters 
with small molecules, knowingly underestimating the reaction rates for charged metal 
clusters significantly.53-54 Kummerlöwe and Beyer introduced two models for calculating 
the collision rates of ionic clusters with neutral molecules, the HSA model (hard sphere 
average dipole orientation) and the surface charge capture (SCC) model.55 In both 
models, the cluster and the neutral reaction partner are treated as hard speres, and the 
charge is treated as point charge. For the HSA collision rate kHSA, the charge is located in 
the center of the cluster, while in the SCC model (kSCC), the charge is drawn to the cluster 
surface by the attractive interaction with the neutral collision partner.  
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4.3.4 Results and Discussion 
We investigated the stored [Nin(N2)m]+ = (n,m) clusters for their N2 adsorption in the 
cryogenic hexapole under isothermal conditions at 26 K. In general, we observe two 
different adsorption behaviors – reminiscent of the two show cases Ni9+ and Ni13+ that 
we have discussed before.43 The mass spectra of all detected Nin+ clusters reveal a 
successive gain of 28 m/z, which does indicate the stepwise adsorption of molecular 
nitrogen in consecutive chains of individual adsorption processes (see Fig. S1 within the 
supplementary information). In all investigated cases (n = 5,..,20) stepwise N2 uptake 
reaches a strict adsorption limit mmax within t < 12 sec, and this does not increase 
further up to t < 30 sec. In some cases we observe the N2 adsorption limit preceded by 
one or more additional intermittent adsorption limits, which do not suppress further 
adsorption but cause some retardation. In the other cases we observe a sole N2 
adsorption limit without any intermittent adsorption limit or retardation. This behavior 
is representative for rough and smooth cluster surfaces, respectively.  
The intermittent adsorption limits (green stars in Fig. 1) and the adsorption limits 
(filled circles in Fig. 1) serve as guidelines for some elucidation of cluster geometries. It 
shows, that Nin+ clusters tend to adsorb nitrogen close to an equal atom-N2-ratio (n = m), 
which correlates with single N2 head-on adsorption to each cluster surface atom. Small 
clusters (n < 13) exceed this 1:1 ratio preferably by geminal adsorption to low 
coordinated surface atoms (1:2 ratio for four or less coordinate Ni atoms). An exception 
is given by n = 6, which smoothly adsorbs six N2 molecules. Clusters of the size 
13 ≤ n ≤ 16 and n = 19 do not form pronounced intermittent adsorption limits either, 
indicative for smooth cluster surfaces. An intermittent adsorption limit close to the 
adsorption limit is observed for n = 17, 18 and 20. This is most likely due to one or two 
exposed surface atoms, e.g. capping atoms, which accept a second N2 adsorbate, but 
reluctantly. 
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Figure 1. Recorded adsorption limits mmax (filled circles) and most intense 
intermittent adsorption limits (stars) of N2 adsorption to cationic nickel 
clusters Nin+, n = 5–20 in comparison to N2 uptake “plateaus” of neutral 
nickel clusters19-20 (black hexagons). Each mass-selected Nin+ cluster was 
stored for up to 30 s – typically reaching equilibrium within less than half 
of that time. 
 
We further investigated in more detail the stepwise N2 adsorption on Nin+ clusters by 
recording their reaction kinetics in more detail, and we performed pseudo-first-order 
kinetic fits by our genetic algorithm routine. The obtained fits confirm consecutive 
adsorption steps (Fig.s 2-5). All Nin+ clusters decay mono exponentially without any 
indication of a second component. This, and the overall superior quality of all fits, 
entitles us to fit each consecutive step by a single rate constant throughout. Some fits 
require significant backward reaction in cases of high N2 coverages, which indicates 
swift N2 desorption (see the supplementary information for details on the 
corresponding rate constants k(n,m) for all cluster kinetics). 
 
 
4. Cryo Kinetics and Spectroscopy of Cationic Transition Metal Clusters 
- 140 - 
Ni5+ – Ni12+: 
Small nickel clusters Nin+ in the range of n = 5–12 exhibit a large deviation in the 
observed adsorption limits and the intermittent adsorption limits. This finding is 
characteristic for rough cluster morphologies. Such clusters provide a variety of unique 
surface atoms, likely by low Ni-Ni coordination. There is no significant backward 
reaction for the adsorption steps of n = 5-8. All clusters reveal a strict adsorption limit at 
n ≥ m (cf. Fig. 2).  
In the case of (5,m) we observe an intermittent adsorption limit at (5,5) and the 
adsorption limit at (5,10). A structure with only fourfold or less coordinated Ni atoms 
would explain the intermittent adsorption limit by single N2 adsorption on each Ni atom 
as well as the adsorption limit (of m = 2n) by the adsorption of a second N2 molecule, 
respectively. The trigonal bipyramid – only having three- and fourfold coordinated Ni 
atoms – would represent the most likely structure for Ni5+. 
The (6,m) case represents an exception. The smooth N2 adsorption on (6,m) clusters is 
indicative for a highly symmetrical structure of six equally coordinated surface atoms. 
The Ni6+ cluster has most likely an octahedral structure. By merely adsorbing a single N2 
molecule on each Ni atom, the cluster adsorbate complex would retain its symmetry. 
This finding is also corroborated by our spectroscopic studies, to discuss later. 
In the case of (7,m) we observe two intermittent adsorption limits at (7,1) and (7,7), 
and the adsorption limit at (7,10). A structure with a single unique atom of low 
coordination could cause an intermittent limit at (7,1). Single binding to all Ni atoms and 
the adsorption of a second N2 molecule by three Ni atoms would result in dominat (7,7) 
and (7,10) species. The capped octahedron would be the most likely structure for Ni7+, 
having a single threefold coordinated Ni capping atom. We cannot exclude, however, a 
structural change of the cluster geometry upon N2 adsorption. 
In the case of (8,m) we observe several intermittent adsorption limits at (8,4), (8,7) 
and (8,10), and the adsorption limit at (8,12). A structure with four atoms of low 
coordination could cause a first intermittent limit at (8,4).In addition this cluster is the 
first to show an intermittent limit at m = n-1. This indicates the presence of highly 
coordinated Ni atom which adsorbs N2 less swiftly than a low coordinated Ni site 
accepting ist second N2 adsorbate. Single binding to all Ni atoms but the highest 
coordinated Ni atom and the adsorption of a second N2 molecule by four Ni atoms would 
result in dominat (8,7) and (8,12) species. The capped pentagonal bipyramid would be 
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the most likely structure for Ni8+, having one threefold, three fourfold, two fivefold, one 
sixfold and one sevenfold coordinated Ni atom.  
 
Figure 2. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Nin+ clusters (n = 5–8) within 26 Kelvin He buffer gas and 3.0 x 10-7 mbar 
of N2. The fits (shown as lines) assume pseudo-first-order kinetics in a 
reaction chain of up to 12 consecutive steps. 
 
Clusters with more than eight Ni atoms (n = 9–12) reveal significant backward 
reactions for the last adsorption steps, suggesting one or more weakly bound N2 
molecules when reaching cluster saturation (cf. Fig. 3). 
The cases of (9,m) and (13,m) have been discussed in extenso earlier.42 We observe an 
intermittent adsorption limit at (9,8) and the adsorption limit at (9,13). In conjunction 
with our spectroscopic investigation and DFT computations, we have concluded a 
possible isomerization with low N2 coverage, most likely from a tricapped octahedron to 
a bicapped pentagonal bipyramid, and geminal binding of N2 setting in at m = 9. In the 
case of Ni13+ we assume an icosahedral structure which coincides with all experimental 
findings and theory. 
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In the cases of (10,m), (11,m) and (12,m) we observe dominant intermittent 
adsorption limits at m = n-1. This might indicate structures based on successive packing 
of surface atoms to the pentagonal bipyramid leading to the icosahedral Ni13+ cluster. 
However, the observed adsorption limits at (10,12), (11,14) and (12,14) are not in line 
with this suggestion. There might be some cluster distortion upon increasing N2 
coverage. 
 
Figure 3. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Nin+ clusters (n = 9–12) within 26 Kelvin He buffer gas and 3.0 x 10-7 mbar 
of N2 (n = 12: p(N2) = 3.2 x 10-7 mbar). The fits (shown as lines) assume 
pseudo-first-order kinetics in a reaction chain of up to 14 consecutive 
steps.  
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Ni13+ – Ni16+: 
Clusters of the size 13 ≤ n ≤ 16 do not form pronounced intermittent adsorption limits. 
However, we observe little retardation in the adsorption steps (15,13) → (15,14) and 
(16,14) → (16,15) (cf. Fig. 4). A perfect icosahedron of Ni13+ provides for a single bulk 
atom and for 12 surface atoms of equal coordination to six nearest neighbors. It shows a 
smooth surface, coinciding with the found constant reaction rates up to the adsorption 
limit at (13,12). 
In the case of (14,m) we observe the adsorption limit at (14,14). This could be easily 
explained by a capped icosahedron, where the capping atom binds two N2 molecules. 
However, one would expect the second N2 molecule to bind significantly weaker and 
thus to form an intermittent adsorption limit at (14,13) – other than observed.  
In the case of (15,m) we observe the adsorption limit at (15,16) preceded by a weak 
intermittent adsorption limit at (15,13). This finding is not in line with the expected 
bicapped icosahedron, which would form an intermittent adsorption limit at (15,12) due 
to its two eightfold coordinated Ni surface atoms. The observed intermittent adsorption 
limit at (15,13) – admittedly weak – rather indicates a truncated octahedron with two 
fourfold, four fivefold and eight sixfold coordinated Ni atoms. 
In the case of (16,m) we also observe a weak intermittent adsorption limit at (16,14) 
and the adsorption limit at (16,16). Again a structure with two unique atoms of low 
coordination would explain the intermittent limit. It is most likey, to describe the Ni16+ 
cluster as a tricapped icosahedral structure, providing for two fourfold coordinated 
atoms and a ninefold coordinated atom. The later one unlikely binds any N2. One might 
label this Ni9coord site as “semi internal”, marking the very onset of bulk formation. 
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Figure 4. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Nin+ clusters (n = 13–16) within 26 Kelvin He buffer gas and 
1.3 x 10-7 mbar of N2. The fits (shown as lines) assume pseudo-first-order 
kinetics in a smooth reaction chain of up to 16 consecutive steps.  
 
Ni17+ – Ni20+: 
Clusters of the size 17 ≤ n ≤ 20 form intermittent adsorption limits close to their 
adsorption limits. Their overall adsorption behavior is very similar, which indicates 
uniform cluster structures. 
In the case of (17,m) we observe an intermittent adsorption limit at (17,16) and the 
adsorption limit at (17,17). Adding another Ni atom to the icosahedral Ni16+ cluster 
would form an intermittent adsorption limit at (17,15) and an adsorption limit at 
(17,17).  
In the case of (19,m) we observe the adsorption limit at (19,17) which is in line with a 
double icosahedral structure. This structure provides for twelve sixfold coordinated 
atoms, five eightfold coordinated atoms and for two internal atoms. 
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In the case of (18,m) we observe an intermittent adsorption limit at (18,16) and the 
adsorption limit at m = 18 (cf. Fig.s S1 and S2 of the SI). Adding another Ni atom to the 
icosahedral structure would result in a double icosahedral structure minus one sixfold 
coordinated atom. An adsorption limit at (18,16) would form when removing one of the 
atoms located at either end of the double icosahdron. The observed additional 
adsorption of two N2 molecules might indicate a slightly different arrangement of the 
clusters’ surface atoms. 
In the case of (20,m) we observe a strong intermittent adsorption limit at (20,17) and 
further adsorption to (20,18). This could be explained by an additional atom added to 
the double icosahedral Ni19+, most likely around its waist. 
 
Figure 5. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Nin+ clusters (n = 17–20) within 26 Kelvin He buffer gas and 
1.1 x 10-7 mbar of N2. The fits (shown as lines) assume pseudo-first-order 
kinetics in a reaction chain of up to 17 consecutive steps. Note, that Ni18+ 
and Ni20+ reach their adsorption limit with m = 18, which did not form 
with sufficient intensity. Please see the supplementary information for the 
fit of [Ni18(N2)m]+ species when recorded at p(N2) = 3.2 x 10-7 mbar. 
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Absolute rate constants of the initial N2 adsorption 
The absolute rate constants (,
)  are obtained from the pseudo-first-order rate 
constants. These are shown for the initial N2 adsorption (,-)  as a function of cluster 
size in Figur 6 (green circles). Also shown are the collision rate constants calculated on 
the basis of classical ADO theory, as well as on the HSA and SCC models.  
We observe an overall increase in the absolute rate constants with cluster size 
(~ 120 % increase from n = 5 to n = 20). There is no evidence for tremendous size-
dependent effect. Clusters in the range from n = 12 to 15 show a slight decrease in 
reactivity towards N2 adsorption as compared to the observed increase with cluster size. 
The absolute rate constants for clusters with n > 8 exceed those calculated by classical 
ADO theory. They are predicted more reliably by the hard sphere average dipole 
orientation model where the charge is located in the center of the cluster. 
 
Figure 6. Rate constants (,-)  of the initial N2 adsorption to Nin+ clusters 
by experiment (green), according to the ADO theory (black line), to the 
HSA model (dashed line), and to the SCC model (dot-dashed line). 
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Table 1. Pseudo-first-order rate constants k(n,0) and absolute rate constants (,-)  
for the initial N2 adsorption on Nin+ (n = 5–20) clusters in comparison to collision 
rates determined by ADO theory, by the HSA model and by the SCC model. 
n 
k(n,0) 
s-1 
(,-)  
10-10 cm3 s-1 
(,-)012  
10-10 cm3 s-1 
(,-);<0  
10-10 cm3 s-1 
(,-)<==  
10-10 cm3 s-1 
5 2.4 4.32 6.17 7.63 11.53 
6 2.7 4.72 6.12 7.77 11.84 
7 3.1 5.43 6.09 7.91 12.13 
8 3.0 5.37 6.06 8.05 12.40 
9 3.6 6.37 6.05 8.18 12.66 
10 3.8 6.64 6.03 8.32 12.91 
11 4.2 7.34 6.02 8.45 13.15 
12 3.7 6.58 6.01 8.58 13.38 
13 4.2 7.43 6.00 8.71 13.60 
14 3.8 6.73 5.99 8.84 13.82 
15 4.0 7.12 5.98 8.96 14.02 
16 5.2 9.15 5.98 9.08 14.22 
17 5.1 8.93 5.97 9.20 14.42 
18 4.9 8.74 5.97 9.32 14.60 
19 5.1 8.97 5.96 9.43 14.79 
20 5.3 9.30 5.96 9.54 14.97 
 
 
IR spectroscopic characterization of the initial N2 adsorption steps 
The IR(M)PD spectra of the (n,1) and (n,2) species show IR active bands in the region 
from 2210 cm-1 to 2280 cm-1 (cf. Fig. 7). There is an overall redshift with cluster size of 
~ 50 cm-1 within the range of n = 5–20 (cf. Fig. 8).  
Most (n,1) species reveal a single band in the N-N stretching region of head-on bound N2. 
There are two exceptions: The n = 10 and n = 18 species. Both cluster adsorbate 
complexes show one additional weaker band in the respective IR(M)PD spectrum. In the 
case of (10,1) we observe this additional band, blueshifted by about 10 cm-1. For (18,1) 
the second band appears to be redshifted by about 10 cm-1. In the cases of (5,1) and 
(7,1), we observe the N2 stretching vibrational band less redshifted (~ 10 cm-1) than 
expected from the overall redshift with cluster size. The adsorption of a second N2 
molecule in these two cases, causes the surmised redshift, respectively. 
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Figure 7. IR(M)PD spectra of [Nin(N2)1]+ = (n,1) (solid lines) and 
[Nin(N2)2]+ = (n,2) (gray shaded areas) for n = 5–20. There are subtle 
differences in the IR(M)PD spectra induced by the adsorption of a second 
N2 molecule. See text for details.  
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The direct comparison of all (n,1) and (n,2) species provides for subtle differences in 
the recorded spectra. We observe distinct shifts in the N2 stretching frequency for n < 12 
cluster adsorbate complexes and an additional second band for n = 7, 9, 11, and 17 with 
the adsorption of a second N2 molecule. In the case of (9,m) cluster adsorbate 
complexes, it has been shown that the head-on N2 adsorption to individual sites on the 
cluster surface strongly influences the stretching frequency of the adsorbed N2.42 The 
presence of additional bands at low N2 coverages strenghthens the assumption of 
unique, preferrably low coordinated Ni sites on the respective clusters, e.g. capping 
atoms.  
 
Figure 8. Frequency of the vibration of head-on bound N2 in cationic 
[NinN2]+ = (n,1) and [Nin(N2)2]+ = (n,2) cluster adsorbate complexes (black 
dots and grey diamonds) as a function of cluster size. The shaded area 
indicates the range of the N-N stretching frequencies on various Ni 
surfaces.56-57 Note the slight increase of the N2 stretching frequency with 
clusters sizes of n > 15. 
The pronounced overall redshift within the range of n = 5–20 reflects the observed 
cluster size dependent redshifts of the CO stretching frequency when adsorbed on 
cationic Ni clusters.32 IR photodepletion spectra of cationic NinCO+ (n = 4–23) complexes 
revealed a singl band attributed to head-on bound CO which shifts to the red with 
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cluster size. The magnitude of the observed red shifts is identical in both case – CO and 
N2.  
 
4.3.5 Conclusions 
We have investigated the stepwise N2 adsorption on size selected Nin+ (n = 5–20) 
clusters by recording their reaction kinetics at 26 K in a hexapole ion trap. We 
performed pseudo-first-order kinetic fits, which confirm consecutive adsorption steps 
by single exponentially decays exclusively. N2 desorption, if any, only occurs at high 
levels of N2 coverage. In all investigated cases stepwise N2 uptake reaches a strict 
adsorption limit mmax, which showe no evidence for further increase and scale with 
cluster size. In some cases we observe the N2 adsorption limit preceded by one or more 
additional intermittent adsorption limits, which do not suppress further adsorption but 
cause some retardation. In the other cases we observe a sole N2 adsorption limit without 
any intermittent adsorption limit or retardation. This behavior is representative for 
rough and smooth cluster surfaces, respectively. Observed stoichiometries are 
understood in terms of initial single adsorbate occupation of available binding sites, 
followed by further adsorption through solvent shell re-organization towards double 
(geminal) occupation of low coordinated Ni surface sites, as proposed by Parks and Riley 
for neutral Ni clusters. 
Small nickel Nin+ clusters (n < 13) exhibit a large deviation in the observed adsorption 
limits and the intermittent adsorption limits. This finding is characteristic for rough 
cluster morphologies by a variety of unique surface atoms. All clusters reveal a strict 
adsorption limit at n ≥ m. Clusters with more than eight Ni atoms (n = 9–12) reveal 
significant backward reactions for the last adsorption steps, suggesting one or more 
weakly bound N2 molecules when reaching cluster saturation. The most likely preferred 
structures for small nickel clusters are based on bipyramidal (trigonal and pentagonal) 
and octahedral motifs. Clusters of the size 13 ≤ n ≤ 16 neither form pronounced 
intermittent adsorption limits nor reveal N2 desorption. Their respective cluster 
structures presumably form by adding capping atoms to the smooth icosahedral Ni13+ 
cluster. Larger clusters with 17 ≤ n ≤ 20 disclose backward reactions at highest N2 
coverages. Their overall adsorption behavior is very similar and stepwise N2 adsorption 
takes place at equal rates and close to collision rate, characteristic for smooth cluster 
morphologies. 
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We observe an overall increase in the absolute rate constants with cluster size without 
huge size-dependent effect. Clusters in the range from n = 12 to 15 show a slight 
decrease in reactivity towards N2 adsorption as compared to the observed increase with 
cluster size. The absolute rate constants of the initial N2 adsorption are predicted quite 
reliably by the hard sphere average dipole orientation model.  
The recorded IR(M)PD spectra of all [Nin(N2)1,2]- cluster adsorbate complexes show IR 
active bands in the N2 stretching vibrational region from head-on bound N2 
(~ 2250 cm-1). We observe an overall redshift (~ 50 cm-1) with cluster size, which 
confirms the charge dilution model by Fielicke et al. 
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Figure S1. Temporal evolution of the mass spectra of mass-selected Ni6+, Ni18+ clusters 
at 26 K. 
Figure S2. Isothermal kinetics of the stepwise N2 adsorption by isolated Ni18+ clusters at 
p(N2) = 1.1 x 10-7 mbar (top) and p(N2) = 3.2 x 10-7 mbar (bottom) within 26 Kelvin He 
buffer gas. The fits (shown as lines) assume pseudo-first-order kinetics in a reaction 
chain of up to 18 consecutive steps. 
Figure S3. Observed rate constants of the (n,m) species n = 5-8 as a function of N2 
coverage. Filled circles show the rate of adsorption and open circles indicate single N2 
desorption. 
Table S1. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 5-8) clusters. 
Figure S4. Observed rate constants of the (n,m) species n = 9-12 as a function of N2 
coverage. Filled circles show the rate of adsorption and open circles indicate single N2 
desorption. 
Table S2. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 9-12) clusters. 
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Figure S5. Observed rate constants of the (n,m) species n = 13-16 as a function of N2 
coverage. Filled circles show the rate of adsorption and open circles indicate single N2 
desorption. 
Table S3. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 13-16) clusters. 
Figure S6. Observed rate constants of the (n,m) species n = 17-20 as a function of N2 
coverage. Filled circles show the rate of adsorption and open circles indicate single N2 
desorption. 
Table S4. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 17-20) clusters. 
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Figure S1. Temporal evolution of the mass spectra of mass-selected Ni6+, 
Ni18+ clusters at 26 K. 
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Figure S2. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Ni18+ clusters at p(N2) = 1.1 x 10-7 mbar (top) and p(N2) = 3.2 x 10-7 mbar 
(bottom) within 26 Kelvin He buffer gas. The fits (shown as lines) assume 
pseudo-first-order kinetics in a reaction chain of up to 18 consecutive 
steps. 
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Figure S3. Observed rate constants of the (n,m) species n = 5–8 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S1. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 5–8) clusters. 
m 
k(5,m) 
s-1 
k-(5,m+1) 
s-1 
k(6,m) 
s-1 
k-(6,m+1) 
s-1 
k(7,m) 
s-1 
k-(7,m+1) 
s-1 
k(8,m) 
s-1 
k-(8,m+1) 
s-1 
0 2.4 <0.001 2.7 <0.001 3.1 <0.001 3.0 <0.001 
1 2.2 <0.001 2.6 <0.001 4.7 <0.001 2.7 <0.001 
2 2.5 <0.001 2.6 <0.001 5.5 <0.001 2.7 <0.001 
3 2.3 <0.001 2.7 <0.001 5.4 <0.001 2.8 <0.001 
4 2.0 <0.001 2.8 <0.001 4.7 <0.001 2.3 <0.001 
5 1.6 <0.001 3.0 <0.001 2.8 <0.001 3.2 <0.001 
6 2.5 <0.001 
  
2.2 <0.001 2.2 <0.001 
7 1.8 <0.001 
  
1.9 <0.001 1.7 <0.001 
8 1.3 <0.001 
  
3.1 <0.001 2.7 <0.001 
9 1.2 <0.001 
  
0.7 <0.001 2.8 <0.001 
10 
      
0.6 <0.001 
11 
      
2.3 <0.001 
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Figure S4. Observed rate constants of the (n,m) species n = 9–12 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S2. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 9–12) clusters. 
m 
k(9,m) 
s-1 
k-(9,m+1) 
s-1 
k(10,m) 
s-1 
k-(10,m+1) 
s-1 
k(11,m) 
s-1 
k-(11,m+1) 
s-1 
k(12,m) 
s-1 
k-(12,m+1) 
s-1 
0 3.6 <0.001 3.8 <0.001 4.2 <0.001 3.7 <0.001 
1 4.2 <0.001 4.0 <0.001 4.5 <0.001 4.0 <0.001 
2 3.9 <0.001 4.0 <0.001 4.6 <0.001 4.8 <0.001 
3 3.9 <0.001 4.1 <0.001 4.7 <0.001 4.2 <0.001 
4 3.6 <0.001 4.1 <0.001 4.5 <0.001 4.0 <0.001 
5 3.5 <0.001 3.9 <0.001 4.2 <0.001 4.1 <0.001 
6 3.1 <0.001 3.7 <0.001 4.0 <0.001 4.2 <0.001 
7 2.4 <0.001 3.2 <0.001 3.5 <0.001 4.0 <0.001 
8 1.5 <0.001 2.3 <0.001 2.9 <0.001 4.0 <0.001 
9 2.1 <0.001 0.9 <0.001 2.3 <0.001 4.0 <0.001 
10 3.8 <0.001 2.2 <0.001 1.3 <0.001 4.1 <0.001 
11 1.1 <0.001 1.3 <0.001 4.0 <0.001 0.1 0.15 
12 0.7 0.07 
  
0.6 0.41 0.5 3.62 
13 
    
1.3 0.21 1.9 1.38 
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Figure S5. Observed rate constants of the (n,m) species n = 13–16 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S3. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 13–16) clusters. 
m 
k(13,m) 
s-1 
k-(13,m+1) 
s-1 
k(14,m) 
s-1 
k-(14,m+1) 
s-1 
k(15,m) 
s-1 
k-(15,m+1) 
s-1 
k(16,m) 
s-1 
k-(16,m+1) 
s-1 
0 4.2 <0.001 3.8 <0.001 4.0 <0.001 5.2 <0.001 
1 4.2 <0.001 3.9 <0.001 4.4 <0.001 5.7 <0.001 
2 4.2 <0.001 4.0 <0.001 4.6 <0.001 5.4 <0.001 
3 4.4 <0.001 4.0 <0.001 4.6 <0.001 5.0 <0.001 
4 4.4 <0.001 3.9 <0.001 4.6 <0.001 4.9 <0.001 
5 4.5 <0.001 4.0 <0.001 4.4 <0.001 4.8 <0.001 
6 4.6 <0.001 4.0 <0.001 4.4 <0.001 4.6 <0.001 
7 4.6 <0.001 4.0 <0.001 4.2 <0.001 4.5 <0.001 
8 4.6 <0.001 3.9 <0.001 3.9 <0.001 4.3 <0.001 
9 4.3 <0.001 3.6 <0.001 3.8 <0.001 4.0 <0.001 
10 4.2 <0.001 3.4 <0.001 3.5 <0.001 3.6 <0.001 
11 4.4 <0.001 3.5 <0.001 3.4 <0.001 3.5 <0.001 
12 
  
4.0 <0.001 3.3 <0.001 3.3 <0.001 
13 
  
4.1 <0.001 3.8 <0.001 2.7 <0.001 
14 
    
4.8 <0.001 2.9 <0.001 
15 
    
4.7 <0.001 4.4 <0.001 
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Figure S6. Observed rate constants of the (n,m) species n = 17–20 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S4. Pseudo-first-order rate constants for the N2 adsorption/desorption k(n,m) / 
k-(n,m+1) on Nin+ (n = 17–20) clusters. 
m 
k(17,m) 
s-1 
k-(17,m+1) 
s-1 
k(18,m) 
s-1 
k-(18,m+1) 
s-1 
k(19,m) 
s-1 
k-(19,m+1) 
s-1 
k(20,m) 
s-1 
k-(20,m+1) 
s-1 
0 5.1 <0.001 4.9 <0.001 5.1 <0.001 5.3 <0.001 
1 5.2 <0.001 4.9 <0.001 5.1 <0.001 5.3 <0.001 
2 5.0 <0.001 4.9 <0.001 5.4 <0.001 5.6 <0.001 
3 4.5 <0.001 5.0 <0.001 5.2 <0.001 5.3 <0.001 
4 4.4 <0.001 5.1 <0.001 5.5 <0.001 5.2 <0.001 
5 4.5 <0.001 4.9 <0.001 5.3 <0.001 5.7 <0.001 
6 4.5 <0.001 5.1 <0.001 5.3 <0.001 5.3 <0.001 
7 4.5 <0.001 5.0 <0.001 5.5 <0.001 5.3 <0.001 
8 4.5 <0.001 5.2 <0.001 5.3 <0.001 5.1 <0.001 
9 4.5 <0.001 5.2 <0.001 5.1 <0.001 5.3 <0.001 
10 4.4 <0.001 5.4 <0.001 5.1 <0.001 5.7 <0.001 
11 4.5 <0.001 5.1 <0.001 5.5 <0.001 5.2 <0.001 
12 4.3 <0.001 5.4 <0.001 5.6 <0.001 5.3 <0.001 
13 4.2 <0.001 5.4 <0.001 5.5 <0.001 5.4 <0.001 
14 4.7 <0.001 5.3 <0.001 5.2 <0.001 5.7 <0.001 
15 5.3 <0.001 5.1 <0.001 5.3 <0.001 5.4 <0.001 
1.0 6.63 0.4 0.14 4.3 0.19 5.4 <0.001 
0.5 0.11 
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4.4 Paper draft: “Isothermal Cryo Kinetics of Cationic Iron Clusters” 
 
The following paper draft named “Isothermal Cryo Kinetics of Cationic Iron Clusters” 
was prepared to be published in a slightly shorter version. The experiments were 
performed by Sebastian Dillinger and myself. The data evaluation was done by myself. 
The initial paper draft was put together by myself. G. Niedner-Schatteburg was involved 
in the revision of the manuscript. 
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Isothermal Cryo Kinetics of 
Cationic Iron Clusters 
Jennifer Mohrbach, Sebastian Dillinger, and Gereon Niedner-Schatteburg 
Fachbereich Chemie and Forschungszentrum OPTIMAS,  
Technische Universität Kaiserslautern,  
67663 Kaiserslautern, Germany 
 
 
 
 
 
 
 
 
4.4.1 Abstract  
The stepwise N2 adsorption on size selected Fen+ (n = 8–20) clusters at 26 K is studied 
in a hybrid tandem ion trap instrument. Pseudo-first-order kinetic fits confirm 
consecutive adsorption steps by single exponentially decays and by a biexponentially 
decay in one case. N2 desorption occurs for small clusters at high levels of N2 coverage. 
In all investigated cases, stepwise N2 uptake reaches a strict adsorption limit mmax, 
which shows no evidence for further increase. The adsorption limit does not scale with 
cluster size and the variation in reaction rates for the initial N2 adsorption corroborates 
the unique adsorption behavior of Fen+ clusters. We find evidence for N2 head-on 
adsorption which might change to side-on adsorption at high N2 coverages.  
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4.4.2 Introduction 
The ligation of transition metal (TM) clusters exhibits physical and chemical 
properties that are highly dependent on the geometrical cluster structure. Many studies 
of such metal-ligand clusters are largely motivated by their potential applications in 
catalysis.1-5 Early research on the chemical reactivity of transition metal clusters reveals 
a strong size effect.6-8 Iron clusters, in particular, show a strong variation in their 
reaction rates with small molecules as the cluster size increases. Several experimental 
and theoretical studies on the gas phase reactivity of Fen clusters with different ligands, 
such as the adsorption of hydrogen,7, 9-11, ammonia,7 carbon12, water,7, 13 and benzene14-
16 have been carried out. These studies demonstrated the high reactivity exhibited 
especially for small iron clusters. Time-of-flight (TOF) mass spectra reveal an unusual 
sequence of magic numbers n = 7, 13, 15, 19 and 23 for Fen clusters,17 which can be 
explained neither by electronic shell closure18 nor by packing of hard spheres.19 Because 
of the unique ferromagnetic properties of bulk iron, studies on the magnetic properties 
of small iron clusters have drawn considerable interests. Iron clusters are found to be 
magnetic with higher moments than those found in the bulk.20-23 The intimate 
relationship between structure, magnetic properties and stability poses an uncommon 
challenge that motivated many theoretical studies of Fen clusters.24-33 Still, important 
controversies remain unresolved among the reported results, including the ground-state 
atomic arrangements, magnetic moments, noncollinear magnetism, and finally the 
stability spectrum of small Fe aggregates. 
The physisorption and chemisorption of N2 on metal surfaces have been studied 
extensively34 due to their importance in many catalytic processes. For example, the rate-
determining step in the industrial synthesis of ammonia is the dissociation of N2, using 
iron as a catalyst.35 The fixation of nitrogen by the nitrogenase enzyme is the equivalent 
process in biological systems.36 The behavior of N2 reacting with iron clusters of 
different nuclearity is therefore particularly relevant to industrial and biological 
processes involving N-N bond breaking. Experimentally, it has been shown that N2 
adsorption to Fe(111) surfaces takes place in α-N2 and -N2 motifs, elucidated by angle 
resolved LEED studies in conjunction with potential surface modelling.37 This resembles 
η2 side-on and η1 end-on coordination of N2 to multiple and single metal centers, 
respectively. Spectroscopic and kinetic studies of N2 adsorbed on Fe(111) revealed that 
there are three characteristic α-, δ- and γ-states, which refer to side-on, and head-on 
adsorption to highly and to less coordinated metal surface atoms.34, 38-39 Early density 
 - 171 - 
functional theory (DFT) calculations revealed strong preference for end-on coordination 
of N2 to single Fe centers with some evidence for rather exceptional η2 side-on 
coordination of at most two N2 to otherwise naked Fe atoms.40-41 Surprisingly, little is 
known about how N2 reacts with iron clusters, irrespective of their charge state.  
Our tandem cryo ion trap instrument allows for the study of adsorption and reaction 
kinetics of clusters under single collision conditions at temperature as low as 11 K and 
for Infrared Photon Dissociation (IR-PD) spectroscopy –initially focusing on the one and 
two colour investigations of metal organic complexes.42 We have started a systematic 
study of N2 and H2 cryo adsorption on size selected Fe, Co, and Ni clusters, first results 
being published.43-44 X-ray studies by cryo ion trapping help for the investigation of spin 
and orbital contributions to the magnetic moments of these TM clusters.45-46  
Here, we present detailed isothermal cryo kinetics of the N2 adsorption onto cationic 
iron clusters Fen+ (n = 8 – 20). This study aims to enable insight into the metal-adsorbate 
bonding and into the reactivity of individual iron clusters towards N2 adsorption. All of 
the present findings from our current kinetics shall receive swift comparison to 
appropriate further spectroscopic investigations of the cluster adsorbate complexes and 
with DFT modelling – both of which are in the making.47 
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4.4.3 Experimental and computational methods 
A customized Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass 
spectrometer (Apex Ultra Bruker Daltonics) served to perform the cluster production, 
isolation, N2 condensation and mass analysis. The iron clusters were generated using a 
home-built laser vaporization cluster ion source as described before.48-49 In brief, iron 
atoms are evaporated from a rotating 0.4 mm thick isotopically enriched 56Fe foil 
(99,93%, Oak Ridge National Laboratories) by the second harmonic of a pulsed Nd:YAG 
laser (Innolas Spitlight 300, 20 Hz). The hot plasma is captured by a He gas pulse (40 µs, 
15 bar) created by a homebuilt piezoelectric valve.50 The atoms and ions are cooled and 
aggregate to clusters in the subsequent jet expansion through a 50 mm long channel (Ø 
2 mm) into vacuum (10-7 mbar). The clusters are skimmed, mass selected and injected 
into a cryogenic hexapole ion trap. The ion trap is cooled to 26 K by a closed cycle He 
cryostat. Buffer and reaction gas are introduced continuously. Sufficient nitrogen 
attachment is achieved by increasing the pressure in the ion trap from 1.1 x 10-7 mbar to 
1.6 x 10-7 mbar. Additional He is introduced to increase the pressure up to 3.5 x 10-6 
mbar to accomplish an efficient trapping and cooling of the ions. After storing the mass-
selected ions for a variable time (0-10 s), the manipulated ions of the form 
[Fen(N2)m]+ = (n,m) are guided by electrostatic lenses into the FT-ICR cell of the so-called 
‘‘infinity’’ type.51 The ICR cell is held at temperatures below 10 K with a closed cycle He 
cryostat to prevent heating of the clusters by black body radiation prior to ion detection. 
The ICR cell serves for the detection of the formed [Fen(N2)m]+ = (n,m) cluster adsorbate 
complexes. The kinetic curves of cationic iron clusters and their nitrogen adducts 
originate from reaction delay scans and subsequent evaluation of the recorded mass 
spectra. Each of these mass spectra originates from an average of 20 mass spectra for 
the fixed collision cell delay. Fits to pseudo-first-order-kinetics occur through the 
“evofit” program.52 The relative rate constants k(n,m) determine the absolute rate 
constants (,
) , the absolute collision gas number densities  !(") serving as the 
conversion factor:  (,
) = (,
)/ !(") 
We obtain approximate values for  !(") indirectly from the pressure in the 
surrounding chamber pc(300 K) and an effective geometry factor capp: 
 !(26 ') = ())*+,-- ./",-- .  
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The geometry factor capp shows to bear a significant dependence on the temperature of 
the hexapole ion trap. By numerous kinetic studies of transition metal cluster cations 
with neutral reactants at cryogenic temperatures we evaluated this factor capp to 
1.8 ± 0.4 at 26 K with a net uncertainty of ± 50%.  
The classical Langevin collision rate of ions with neutrals53 is conveniently extended 
towards polar molecules by the average dipole orientation theory (ADO).54-55 The ADO 
theory gives the theoretical limit of the absolute rate constants, the collision rate kADO, 
based on a classical trajectory of a linear dipole in the field of a point charge:  
012 = 32ε-√μ 6√7 + (μ18 29/": 
µ is the reduced mass (of the cluster adsorbate complex), α is the polarizability and μD is 
the dipole moment (in Debye). The parameter c lies between 0 and 1, and can be 
expressed by the polarizability volume α'and μD.56 
This ADO theory is frequently used to calculate the reaction rates of charged clusters 
with small molecules, knowingly underestimating the reaction rates for charged metal 
clusters significantly.57-58 Kummerlöwe and Beyer introduced two models for calculating 
the collision rates of ionic clusters with neutral molecules, the HSA model (hard sphere 
average dipole orientation) and the surface charge capture (SCC) model.59 In both 
models, the cluster and the neutral reaction partner are treated as hard speres, and the 
charge is treated as point charge. For the HSA collision rate kHSA, the charge is located in 
the center of the cluster, while in the SCC model (kSCC), the charge is drawn to the cluster 
surface by the attractive interaction with the neutral collision partner.  
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4.4.4 Results and Discussion 
Molecular nitrogen adsorption on iron cluster cations: Trends and limits of adsorption 
We investigated the stored [Fen(N2)m]+ = (n,m) clusters for their N2 adsorption in the 
cryogenic hexapole under isothermal conditions at 26 K. The mass spectra of all 
detected Fen+ clusters - except for Fe17+ - reveal a successive gain of 28 m/z, which does 
indicate the stepwise adsorption of molecular nitrogen in consecutive chains of 
individual adsorption processes (cf. Fig. 1).  
 
Figure 1. Temporal evolution of the mass spectra of mass-selected 
Fe13+ = (13,0) clusters up to 4 s (left) and of mass-selected Fe18+ = (18,0) 
clusters up to 10 s (right), exposed to 1.6 x 10-7 mbar N2 within 26 K He 
buffer gas (3.5 x 10-6 mbar). 
 
In all investigated cases (n = 8,..,20) stepwise N2 uptake reaches a strict adsorption 
limit mmax within t < 12 sec, and this does not increase further up to t < 30 sec. In most 
cases we observe the N2 adsorption limit preceded by one or more additional 
intermittent adsorption limits, which do not suppress further adsorption but cause 
some retardation.  
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The intermittent adsorption limits (blue stars in Fig. 2) and the adsorption limits 
(filled blue circles in Fig. 2) serve as guidelines for some elucidation of adsorbate 
bonding and cluster geometries. It shows, that the n:m stoichiometry is > 1 in all 
investigated cases n = 8–20, when reaching the respective N2 adsorption limit. Yet, there 
is a trend in N2 adsorption limits towards a molar ratio of n:mmax = 1:1 for small clusters 
(n ≤ 12). The overall adsorption behavior cannot be explained by single N2 head-on 
adsorption to each cluster surface atom, as shown for Nin+ clusters.60 For clusters with 
less than 18 Fe atoms the observed intermittent adsorption limits are close to the 
recorded adsorption limits. Note the pronounced dip in the adsorption limits for 
13 ≤ n ≤ 16 and the absence of N2 adsorption to Fe17+ clusters. Clusters with n > 17 
exhibit an increase in reactivity towards N2 adsorption. Preliminary infrared photon 
dissociation experiments indicate µ1 head-on adsorption of the initial adsorbed N2 for all 
investigated (n,1) cluster adsorbate complexes.47 
 
Figure 2. Recorded adsorption limits (filled circles) and intermittent 
limits (stars) of nitrogen adsorbed on a cationic iron clusters. The limits 
are displayed as a function of cluster size for n = 8 – 20.  
We further investigated the stepwise N2 adsorption on Fen+ clusters by recording their 
reaction kinetics in more detail, and we performed pseudo-first-order kinetic fits by our 
genetic algorithm routine. The obtained fits confirm consecutive adsorption steps 
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(Fig.s 2-4). Most Fen+ clusters decay mono exponentially without any indication of a 
second component. This, and the overall superior quality of all fits, entitles us to fit each 
consecutive step by a single rate constant. Some fits require significant backward 
reaction in cases of high N2 coverages, which indicates swift N2 desorption (see the 
supplementary information for details on the corresponding rate constants k(n,m) for all 
cluster kinetics). There is one exception: The N2 adsorption to Fe18+ exhibits a 
biexponentially decay in the initial adsorption step.  
 
Fe8+ – Fe11+: 
Small iron clusters Fen+ in the range of n = 8–11 exhibit little deviation in the observed 
adsorption limits and the intermittent adsorption limits. All clusters reveal a strict 
adsorption limit at n ≥ m. There are significant backward reactions for the last 
adsorption steps, suggesting one or more weakly bound N2 molecules when reaching 
cluster saturation (cf. Fig. 3).  
In the case of (8,m) we observe an intermittent adsorption limit at (8,4) and the 
adsorption limit at (8,6). The predicted most stable structures for Fe8 clusters 
correspond to a capped pentagonal bipyramid,29-30, 61-62 or a bisdisphenoid structure.29-33 
The capped pentagonal bipyramid consists of one threefold, three fourfold, two fivefold, 
one sixfold and one sevenfold coordinated Fe atom. Assuming the same N2 adsorption 
‘rules’ as stated for Nin+ clusters,44 the adsorption limits should be observed at (8,7) and 
(8,12). In contrast, initial binding to the three- and fourfold coordinated Fe sites and 
additional adsorption to the fivefold atoms would result in limits at (8,4) and (8,6), as 
obseved. The bisdisphenoid structure consists of four fourfold and four fivefold 
coordinated Fe atoms, which would result in limits at (8,8) and (8,12) or at (8,4) and 
(8,8), other than observed.  
In the cases of (9,m) and (10,m) we observe an intermittent adsorption limit at n = 6 
and the adsorption limit at n = 7. The reported most stable structures for Fe9 and Fe10 
clusters correspond to capped square antiprisms, capped pentagonal bipyramidal motifs 
or a capped trigonal bipyramidal motifs. These geometries are possible growth models 
leading to the icosahedral structure predicted for Fe13.29-30, 61-62 The (11,m) cluster 
adsorbate complex exhibits an intermittent adsorption limit at (11,6) and the adsorption 
limit at (11,9), in equilibrium with its precursor. The preferred structure for this cluster 
is found to be a tetra-capped pentagonal bipyramid. 
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Unfortunately, there is no universally applicable adsorption rule, which would explain 
the observed adsorption limits. Without further knowledge of the exact N2 adsorption 
site, no comprehensive structural interpretation can be drawn out of the adsorption 
limits in this study. We tentatively assume µ1 head-on adsorption up to the adsorption 
limit, based on the shape of the kinetic curves in conjunction with those obtained for 
Nin+ clusters. In addition, preliminary infrared spectroscopic investigations of the (n,1) 
cluster adsorbate complexes point towards µ1 head-on N2 adsorption. 
 
 
 
Figure 3. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Fen+ clusters (n = 8–11). The fits (shown as lines) assume pseudo-first-
order kinetics in a reaction chain of up to 9 consecutive steps.  
 
 
 
4. Cryo Kinetics and Spectroscopy of Cationic Transition Metal Clusters 
- 178 - 
Fe12+ – Fe15+: 
In the range of n = 12–15 the N2 adsorption behavior to Fen+ clusters changes 
dramatically (cf. Fig. 4). We observe a significant decrease in N2 adsorption with cluster 
size for n > 12. 
In the case of (12,m) we observe an intermittent adsorption limit at (12,7) and the 
adsorption limit at (12,11). In the cases of (13,m) and (14,m) we observe intermittent 
adsorption limits at m = 4 and the adsorption limit at m = 6. The (15,m) cluster 
adsorbate complex exhibits only five consecutive steps. The terminal four adsorbate 
species (m = 2 – 5) are in equilibrium in favor of m = 2. Note, that the intensities of the 
minor adsorption limits (m = 3 – 5) are close to our detection limit, resulting in a 
reduction of the fit quality. 
 
Figure 4. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Fen+ clusters (n = 12–15). The fits (shown as lines) assume pseudo-first-
order kinetics in a reaction chain of up to 11 consecutive steps.  
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Fe16+ – Fe20+: 
In the range of n = 16–20 a significant change in reactivity towards N2 adsorption is 
observed (cf. Fig. 4). Note, that in the case of Fe17+ no N2 adsorption could be detected 
within the described experimental conditions.  
In the case of (16,m) we observe a sole adsorption limit at (16,3). Clusters of the sizes 
n = 18, 19 and 20 exhibit dominant intermittent adsorption limits. Note the observed 
irregularity in intensity with further N2 adsorption beyond these limits, which can still 
be fitted as consecutive reaction steps with mono-exponentially decays in good quality. 
This finding might indicate a change in e.g. adsorption site, likely from head-on to side-
on coordination by tilting the adsorbed N2. 
 
Figure 5. Isothermal kinetics of the stepwise N2 adsorption by isolated 
Fen+ clusters (n = 16, 18–20). The fits (shown as lines) assume pseudo-
first-order kinetics in a reaction chain of up to 17 consecutive steps.  
In the case of (18,m) we assume the presence of a second isomer which does not 
adsorb N2 (~ 13 %, cf. Tab. 1) – presumably analogous to Fe17+. We observe a distinct 
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intermittent adsorption limit at (18,7) and the adsorption limit at (18,13). In the cases of 
(19,m) and (20,m) we observe a first intermittent adsorption limit at m = 2 followed by 
intermittent adsorption limits at (19,9) and (20,11). The respective adsorption limits are 
observed at (19,17) and (20,14).  
Table 1. Pseudo-first-order rate constants for the initial N2 adsorption to Fe18+ in 
1.6 × 10−7 mbar of N2 and 26 K He buffer gas. 
 [Fe18(N2)m]+ 
 isomer I isomer II 
% 87 13 
k(18,0) / s-1 2.91 0.00 
 
 
Absolute rate constants of the initial N2 adsorption 
The absolute rate constants (,
)  are obtained from the pseudo-first-order rate 
constants as a function of cluster size (Fig. 6, blue circles). Collision rate constants are 
calculated on the basis of classical ADO theory, as well as on the HSA and SCC models.  
 
Figure 6. Absolute rate constant (,-)  of the initial N2 adsorption to Fen+ 
clusters by experiment (blue), according to classical average dipole 
orientation theory (black line), to the hard-sphere average dipole 
orientation model (dashed line), and to the surface charge capture model 
(dot-dashed line). See text for details. 
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We observe an overall increase in the absolute rate constants with cluster size 
towards collision rates predicted by ADO theory. The absolute rate constants for clusters 
up to n = 11 increase rapidly. Clusters with n = 13 and 15 – 17 show a decrease in 
reactivity towards N2 adsorption as compared to the stated increase with cluster size. 
Larger clusters with n ≥ 18 reveal equal rates for the initial N2 adsorption (cf. Tab. 2). 
Table 2. Relative and calculated absolute rate constants for the initial N2 
adsorption to Fen+ clusters in comparison to the calculated rate constants 
assuming classical ADO theory, the HSA model, and the SCC model. 
n 
k(n,0) 
s-1 
(,-)  
10-10 cm3 s-1 
(,-)012  
10-10 cm3 s-1 
(,-);<0  
10-10 cm3 s-1 
(,-)<==  
10-10 cm3 s-1 
8 0.4 0.54 6.07 8.01 12.33 
9 1.1 1.55 6.05 8.14 12.58 
10 1.7 2.51 6.04 8.27 12.83 
11 3.8 5.50 6.02 8.40 13.06 
12 3.5 5.03 6.01 8.53 13.29 
13 2.0 2.82 6.00 8.65 13.50 
14 4.2 6.07 5.99 8.77 13.71 
15 2.5 3.61 5.99 8.89 13.91 
16 0.6 0.88 5.98 9.01 14.11 
17 <0.001 <0.002 5.98 9.13 14.30 
18 2.9 4.18 5.97 9.24 14.48 
19 3.4 4.88 5.97 9.35 14.66 
20 3.3 4.78 5.96 9.46 14.84 
In view of the lack of contemporary structure calculations, we reach limits when trying 
to interpret the subtle details of the current kinetic findings. Most noticeable, the 
seeming inertness of the Fe17+ cluster bears elements of a miracle – as of now.  
It seems highly speculative to associate antiferromagnetic couplings with observed 
reluctance for N2 adsorption to iron clusters. We do not see a convincing chain of 
arguments that might point towards such an interpretation. It is worth pointing out, 
however, that the drop in adsorption limit at n = 13 sets in at the very same cluster size 
that is confirmed for its antiferromagnetic coupling.63-64 Inevitably, N2 activation and 
nitride formation come to mind when dealing with the [Fe,N] system. While this is 
conceivable, in general such processes would not explain an almost complete absence of 
any adsorption in the case of n = 17. Reaction products would be detected by MS. 
However, there are none. Fission or loss of charge when storing the clusters in the traps 
is negligible (see Fig. S5 in the supplementary information for more details).  
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4.4.5 Conclusions and Outlook 
We have investigated the stepwise N2 adsorption on size selected Fen+ (n = 8–20) 
clusters by recording their reaction kinetics at 26 K in a hexapole ion trap. We 
performed pseudo-first-order kinetic fits, which confirm consecutive adsorption steps 
by single exponentially decays and by a biexponential decay in the case of Fe18+. There is 
little N2 adsorption to Fe13+ - Fe16+ and no N2 adsorption to Fe17+ clusters. 
We observe intermittent adsorption limits and adsorption limits which stay below a 
molar ratio of n:m = 1:1 in all investigated cases n = 8–20. As of now, we fail to 
understand the observed stoichiometries in terms of evolving overall applicable 
adsorption rules for the N2 adsorption on Fe clusters. The drop in the adsorption limit 
from n = 13 – 17 remains unexplored. The adsorption behavior revealed in this study 
cannot be explained by single N2 head-on adsorption to each cluster surface atom. We 
tentatively interpret the change in the kinetic curves for n ≥ 18 at high coverages as a 
change in e.g. adsorption site from head-on to side-on coordination. As a result, the Fe18+ 
cluster would represent the minimum cluster size for tiltet N2 adsorption, likely to 
highly coordinated Fe sites. 
Future experiments shall help to unravel the unique adsorption behavior of Fe 
clusters. Various temperature controlled adsorption schemes can be performed within 
our tandem cryo trap instrument, e.g. N2 adsorption kinetics under single collision 
conditions in the ICR cell. By focusing on the observed backward reactions, experiments 
using 15N2 as adsorbate in combination with decay kinetics or infrared spectroscopy, we 
might gain insight into the underlying adsorption sites. 
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Figure S1. Observed rate constants of the (n,m) species n = 8–11 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S1. Relative rate constants for the N2 adsorption k(n,m) to Fen+ 
clusters (n = 8–11) and for the respective N2 desorption k-(n,m+1) from 
[Fen(N2)m]+ clusters. 
m 
k(8,m) 
s-1 
k-(8,m+1) 
s-1 
k(9,m) 
s-1 
k-(9,m+1) 
s-1 
k(10,m) 
s-1 
k-(10,m+1) 
s-1 
k(11,m) 
s-1 
k-(11,m+1) 
s-1 
0 0.4 <0.001 1.1 <0.001 1.7 <0.001 3.8 <0.001 
1 0.5 <0.001 1.4 <0.001 2.1 <0.001 3.1 <0.001 
2 0.6 <0.001 1.3 <0.001 2.0 <0.001 2.8 <0.001 
3 0.4 <0.001 1.2 <0.001 1.5 <0.001 2.8 <0.001 
4 0.1 1.43 0.9 <0.001 1.8 <0.001 2.7 <0.001 
5 0.8 1.02 0.5 0.004 1.4 <0.001 2.4 <0.001 
6 
  
0.3 0.907 0.3 0.218 1.8 <0.001 
7 
      
2.0 <0.001 
8 
      
0.7 0.261 
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Figure S2. Observed rate constants of the (n,m) species n = 12–15 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S2. Relative rate constants for the N2 adsorption k(n,m) to Fen+ 
clusters (n = 12–15) and for the respective N2 desorption k-(n,m+1) from 
[Fen(N2)m]+ clusters. 
m 
k(12,m) 
s-1 
k-(12,m+1) 
s-1 
k(13,m) 
s-1 
k-(13,m+1) 
s-1 
k(14,m) 
s-1 
k-(14,m+1) 
s-1 
k(15,m) 
s-1 
k-(15,m+1) 
s-1 
0 3.5 <0.001 2.0 <0.001 4.2 <0.001 2.5 <0.001 
1 3.7 <0.001 4.0 <0.001 4.5 <0.001 2.6 <0.001 
2 3.6 <0.001 3.4 <0.001 4.2 <0.001 0.0 <0.001 
3 3.5 <0.001 2.9 <0.001 3.5 <0.001 1.5 <0.001 
4 3.4 <0.001 2.0 <0.001 2.3 <0.001 0.6 <0.001 
5 3.2 <0.001 4.8 <0.001 3.9 <0.001 
  
6 2.8 <0.001 
      
7 0.8 <0.001 
      
8 3.8 <0.001 
      
9 1.2 <0.001 
      
10 1.1 0.186 
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Figure S3. Observed rate constants of the (n,m) species n = 16, 18–20 as a 
function of N2 coverage. Filled circles show the rate of adsorption and 
open circles indicate single N2 desorption. 
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Table S3. Relative rate constants for the N2 adsorption k(n,m) to Fen+ 
clusters (n = 16, 18–12) and for the respective N2 desorption k-(n,m+1) from 
[Fen(N2)m]+ clusters. 
m 
k(16,m) 
s-1 
k-(16,m+1) 
s-1 
k(18,m) 
s-1 
k-(18,m+1) 
s-1 
k(19,m) 
s-1 
k-(19,m+1) 
s-1 
k(20,m) 
s-1 
k-(20,m+1) 
s-1 
0 0.6 <0.001 2.9 <0.001 3.40 <0.001 3.31 <0.001 
1 2.6 <0.001 3.1 <0.001 2.39 <0.001 2.39 <0.001 
2 0.4 <0.001 2.8 <0.001 2.06 <0.001 2.17 <0.001 
3 
  
2.5 <0.001 3.23 <0.001 2.73 <0.001 
4 
  
2.2 <0.001 3.49 <0.001 3.20 <0.001 
5 
  
1.7 <0.001 2.81 <0.001 2.67 <0.001 
6 
  
1.1 <0.001 2.43 <0.001 2.47 <0.001 
7 
  
0.3 <0.001 1.93 <0.001 2.37 <0.001 
8 
  
1.7 <0.001 1.52 <0.001 2.50 <0.001 
9 
  
1.0 <0.001 1.31 <0.001 2.36 <0.001 
10 
  
1.4 <0.001 3.13 <0.001 2.52 <0.001 
11 
  
1.3 <0.001 3.71 2.019 0.34 <0.001 
12 
  
0.1 <0.001 3.23 0.702 1.66 <0.001 
13 
    
3.77 1.859 0.20 <0.001 
14 
    
5.00 0.196 
  
15 
    
3.76 0.012 
  
16 6.28 0.001 
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Figure S4. Relative rate constant k(n,0) of the initial N2 adsorption to Fen+ 
clusters recorded at 26 K (filled circles), and recorded at 25 K (open 
circles). Note, that the measurements at 25 K have been performed at a 
lower N2 pressure, which causes the offset in relative rate constants. 
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Figure S5. Temporal intensity decrease of isolated Fen+ (n = 17 – 19) 
clusters at 26 K in the presence of 1.6 x 10-7 mbar of N2. The grey shaded 
area indicates the loss of trapped ions. 
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5. SUMMARY AND OUTLOOK 
 
In the present work, the adsorption behavior and adsorbate influences on transition 
metal containing complexes and naked transition metal clusters were investigated. A 
tandem cryo trap instrument has been equipped with two separately operable ion 
sources. This setup (FRITZ) was used for the kinetic and spectroscopic investigation of 
neutral adsorbates on size selected transition metal clusters under isothermal cryo 
conditions. Gas phase infrared multiple photon dissociation (IR-MPD) experiments in 
conjunction with density functional theory (DFT) computations enabled the analysis of 
adsorbate induced changes on the structure and spin multiplicity of transition metal 
cores. The investigation of the given complexes as isolated species in the gas phase 
enabled insight into the metal-adsorbate bonding and unraveled structure-reactivity 
relationships. 
It became possible to record well resolved IR spectra of [Co4(CO)n(dppa-H+)]- (n = 3 - 10, 
dppa = NH(PPh2)2) complexes in the range of COterm and µ2-CO vibrations when isolating 
these species at low temperatures (26 K and below). A successive loss of CO ligands was 
achieved by in source collision induced dissociation. Several bands were found which 
shift upon reduction of CO coverage, indicating a variation of coordination motifs. In 
conjunction with DFT modelling, we found a conclusive interpretation of all recorded IR 
features in the case of the saturated n = 10 compound. We found evidence for spin 
switching into higher multiplet states (from singlet into triplet/quintet or even higher) 
upon stepwise decarbonylation.  
We further recorded IR-MPD spectra of Co4 species with a mixed N2 – CO coverage 
[Co4(CO)n(N2)1L]- (n = 6, 8, L = dppa-H+), induced by the loss of either two or four CO 
ligands. The spectra revealed N2 stretching frequencies of head-on bound N2. We found 
strong evidence for CO rearrangements on the Co4 core, triggered by the adsorption of a 
single N2 molecule. The spectra of the [Co4(CO)6L]- and [Co4(CO)6(N2)1L]- complexes 
showed partially resolved CO features, which we attributed to the presence of 
[Co4(CO)6L]- and [Co4(CO)6(N2)1L]- isomers. 
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Next to the investigation of electro-sprayed transition metal containing complexes, the 
present work focuses on the N2 adsorption on size selected Fen+ (8 ≤ n ≤ 20), Con+ 
(8 ≤ n ≤ 17), and Nin+ (5 ≤ n ≤ 20) clusters. The presented cryo IR-PD spectra reveal 
head-on bound N2 on all investigated cluster adsorbate complexes. We recorded 
isothermal cryo kinetics to gain insight into the specific adsorption trends and limits. 
We investigated the N2 adsorption on size selected Con+ (8 ≤ n ≤ 17) clusters via IR-PD 
spectroscopy. The recorded spectra revealed remarkable cluster size dependent 
features. All species exhibited bands according to head-on µ1 coordination of the N2 
molecule on the respective cluster surfaces. DFT calculations revealed a possible 
icosahedral Co13+ core. Nevertheless, the calculations did not allow for a final assignment 
of the observed spectral features (e.g. the “jump” from n = 9 to n = 10 or the presence of 
multiple bands).  
We investigated the stepwise N2 adsorption on size selected Nin+ (n = 5-20) and Fen+ 
(n = 8-20) clusters by recording their reaction kinetics at 26 K in the cryo hexapole ion 
trap. We performed pseudo-first-order kinetic fits, which confirmed consecutive 
adsorption steps by single exponentially decays almost exclusively. We have chosen to 
discuss the archetypical cases of Ni9+ and Ni13+ in more detail. These two clusters 
revealed remarkable differences in the N2 adsorption trends and in the adsorption limits 
of saturation: N2 adsorption on Ni9+ was observed at individual rates up to the 
adsorption limit and showed retardation at an additional intermittent adsorption limit. 
The fit of the very last adsorption step revealed a significant backward reaction, 
indicative for swift N2 desorption. In contrast, the stepwise N2 adsorption on Ni13+ 
occurred at equal rates up to the adsorption limit. This led to the assumption of a rough 
cluster surface of Ni9+ with inequivalent adsorption sites and a smooth cluster surface of 
Ni13+ with equivalent adsorption sites. The recorded IR-PD spectra of [Ni9(N2)m]+ and of 
[Ni13(N2)m]+ (m = 1 – mmax) corroborated the kinetic findings of the stated cluster 
morphologies. The issue of possible changes in the cluster geometry and adsorption site 
was addressed by DFT calculations. Possible explanations for the observed variation in 
relative rate constants in Ni9+ and its absence in Ni13+ and their feasibility were 
discussed such as an isomerization with low N2 coverage in the case of Ni9+. In the case 
of Ni13+ we concluded an icosahedral structure which coincided with all experimental 
findings and theory.  
 - 199 - 
The large-scale kinetic investigation of N2 adsorption on size selected Nin+ (n = 5-20) 
Fen+ (n = 8-20) clusters revealed strong size- and TM-dependent stoichiometries. The 
found stoichiometries for Nin+ clusters were interpreted in terms of initial single 
adsorbate occupation of available binding sites, followed by further adsorption through 
solvent shell re-organization towards double (geminal) occupation of low coordinated 
Ni surface sites. The N2 adsorption studies on Nin+ clusters allowed for comprehensive 
structure predictions. In contrast, we failed to understand the observed stoichiometries 
for the N2 adsorption on Fen+ clusters. In view of the lack of contemporary structure 
calculations, we reached limits when trying to interpret the subtle details of our kinetic 
findings. Most noticeable, the seeming inertness of the Fe17+ cluster bears elements of a 
miracle – as of now.  
The present work shows that the combination of isothermal cryo kinetics with the IR 
spectroscopic investigation of the adsorbates is a powerful tool to investigate metal-
adsorbate bonding and to unravel structure-reactivity relationships.  
The next step in the investigation of TM adsorbate complexes by our group will be the 
expansion of the presented investigations to other TM clusters and alloys, first 
experiments on the adsorption of N2 on Rhn+ and Rh-doped Fen+ clusters being 
performed.1-2 Furthermore, we have started a systematic study on the cryo adsorption of 
H2 on various TM clusters. In future experiments, next to the adsorption of either 
nitrogen or hydrogen, the investigation of co-adsorption of these or other diatomic 
molecules on TM clusters is of great interest.  
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5.1 ZUSAMMENFASSUNG UND AUSBLICK 
 
In der vorliegenden Arbeit wurden das Adsorptionsverhalten und die Adsorbateinflüsse 
auf übergangsmetallhaltige Komplexe und nackte Übergangsmetallcluster (TM Cluster) 
untersucht. Ein Tandem-Kryo-Fallen-Instrument wurde mit zwei separat betreibbaren 
Ionenquellen ausgestattet. Dieser Aufbau (FRITZ) wurde für die kinetischen und 
spektroskopischen Untersuchungen von neutralen Adsorbaten auf größenselektierten 
Übergangsmetallclustern unter isothermen kryo-Bedingungen verwendet. Gasphasen 
Infrarote Multiphotonen Dissoziation (IR-MPD) in Verbindung mit 
Dichtefunktionaltheorie (DFT) Berechnungen ermöglichten die Analyse von 
adsorbatinduzierten Veränderungen der Struktur und der Spinmultiplizität von 
Übergangsmetallkernen. Die Untersuchung der gegebenen Komplexe als isolierte 
Spezies in der Gasphase ermöglichte Einblicke in die Metall-Adsorbat Bindung und 
Struktur-Reaktivitäts-Beziehungen. 
Es wurde möglich, hoch aufgelöste IR-Spektren von [Co4(CO)n(dppa-H+)]- (n = 3-10, 
dppa = NH(PPh2)2) Komplexen im Bereich der COterm und μ2-CO Schwingungen 
aufzuzeichnen, wenn diese Spezies bei tiefen Temperaturen (26 K und darunter) isoliert 
wurden. Ein sukzessiver Verlust von CO-Liganden wurde durch eine stoßinduzierte 
Dissoziation in der Ionenquelle erreicht. Es wurden mehrere Banden gefunden, die sich 
mit Reduktion des CO-Bedeckungsgrades verschieben, was auf eine Variation von 
Koordinationsmotiven hinweist. In Verbindung mit DFT-Modellierungen fanden wir bei 
der gesättigten Verbindung (n = 10) eine schlüssige Interpretation aller aufgezeichneten 
IR-Merkmale. Wir fanden Beweise für Spin-Switching in höhere Multiplettzustände (von 
Singlet zu Triplet / Quintett oder sogar höher) durch schrittweise Decarbonylierung. 
Weiterhin wurden IR-MPD-Spektren von Co4-Spezies mit gemischtem N2-CO-
Bedeckungsgrad [Co4(CO)n(N2)1L]- (n = 6, 8, L = dppa-H+) aufgenommen, welche durch 
den Verlust von zwei oder vier CO-Liganden erhalten wurden. Die Spektren weisen N2-
Streckschwingungsfrequenzen von head-on gebundenem N2 auf. Wir fanden starke 
Hinweise für CO-Umlagerungen auf dem Co4-Kern, die durch die Adsorption eines 
einzelnen N2-Moleküls ausgelöst wurde. Die Spektren der [Co4(CO)6L]- und 
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[Co4(CO)6(N2)1L]- Komplexe zeigten partiell aufgelöste CO Eigenschaften, die wir auf die 
Anwesenheit von [Co4(CO)6L]- und [Co4(CO)6(N2)1L]- Isomere zurückfuhren. 
Neben der Untersuchung von elektrogesprühten übergangsmetallhaltigen Komplexen, 
konzentriert sich die vorliegende Arbeit auf die N2-Adsorption an größenselektierte Fen+ 
(8 ≤ n ≤ 20), Con+ (8 ≤ n ≤ 17) und Nin+ (5 ≤ n ≤ 20) Cluster. Die dargestellten kryo-IR-PD-
Spektren zeigen ausschließlich head-on gebundenen molekularen Stickstoff auf allen 
untersuchten Cluster-Adsorbat-Komplexen. Wir haben isotherme Kryokinetiken 
aufgenommen, um Einblicke in die spezifischen Adsorptionstrends und Adsorptions-
grenzen zu gewinnen. 
Die Untersuchung der N2-Adsorption an größenselektierten Con+ (8 ≤ n ≤ 17) Clustern 
erfolgte mittels IR-PD-Spektroskopie. Die aufgezeichneten Spektren zeigten 
bemerkenswerte clustergrößenabhängige Merkmale. Alle Spezies wiesen Banden des 
μ1-koordinierten N2-Moleküls auf. DFT-Rechnungen zeigten einen möglichen 
ikosaedrischen Co13+ Kern. Trotzdem erlaubten die Berechnungen keine endgültige 
Zuordnung der beobachteten spektralen Merkmale (z. B. den Sprung von n = 9 zu n = 10 
oder die Anwesenheit mehrerer Banden). 
Die Untersuchung der schrittweisen N2-Adsorption an größenselektierten Nin+ 
(n = 5-20) und Fen+ (n = 8-20) Clustern gelang durch die Aufzeichnung ihrer 
Reaktionskinetik bei 26 K in der Hexapol-Ionenfalle. Wir führten kinetische Fits pseudo-
erster-Ordnung durch, die aufeinanderfolgende Adsorptionsschritte durch einzelne 
exponentielle Zerfälle bestätigten. Wir haben beschlossen, die archetypischen Fälle von 
Ni9+ und Ni13+ genauer zu erörtern. Diese beiden Cluster zeigten bemerkenswerte 
Unterschiede in den N2-Adsorptionstrends und in den Adsorptionsgrenzen bei 
Sättigung: Die N2-Adsorption an Ni9+ wurde mit individuellen Raten bis zum 
Adsorptionsmaximum beobachtet und zeigte eine Verzögerung bei einer zusätzlichen 
intermittierenden Adsorptionsgrenze. Die Anpassung des letzten Adsorptionsschrittes 
ergab einen signifikanten Anteil einer Rückreaktion, der auf eine schnelle N2-Desorption 
hinweist. Im Gegensatz dazu trat die schrittweise N2-Adsorption an Ni13+ bis zum 
Adsorptionsmaximum mit gleichbleibender Geschwindigkeit auf. Dies führte zu der 
Annahme einer rauen Clusteroberfläche von Ni9+ mit ungleichen Adsorptionsstellen und 
einer glatten Clusteroberfläche von Ni13+ mit äquivalenten Adsorptionsstellen. Die 
aufgezeichneten IR-PD-Spektren von [Ni9(N2)m]+ und [Ni13(N2)m]+ (m = 1 - mmax) 
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bestätigten die kinetischen Befunde der angegebenen Clustermorphologien. Die Frage 
nach möglichen Änderungen in der Clustergeometrie und der Adsorptionsstelle wurde 
durch DFT-Rechnungen behandelt. Mögliche Erklärungen für die beobachtete Variation 
der relativen Geschwindigkeitskonstanten im Falle von Ni9+ und deren Abwesenheit bei 
Ni13+ sowie deren Durchführbarkeit wurden diskutiert. So wurde eine Isomerisierung 
bei niedrigem N2-Bedeckungsgrad im Falle von Ni9+ erläutert. Im Falle von Ni13+ lies sich 
auf eine ikosaedrische Struktur schließen, die mit allen experimentellen und 
theoretischen Befunden übereinstimmte. 
Die großflächige kinetische Untersuchung der N2-Adsorption an größenselektierten Nin+ 
(n = 5-20) und Fen+ (n = 8-20) Cluster zeigte starke größenabhängige und 
übergangsmetallabhängige Stöchiometrien. Die gefundenen Stöchiometrien für Nin+ 
Cluster wurden im Hinblick auf eine vorerst einzelne Adsorbatbesetzung der 
verfügbaren Bindungsstellen interpretiert, gefolgt von einer weiteren Adsorption zur 
doppelten (geminalen) Besetzung niederkoordinierter Ni-Oberflächenstellen. Die N2-
Adsorptionsstudien an Nin+ Clustern erlaubten umfassende Strukturvorhersagen. Im 
Gegensatz dazu, waren wir noch nicht in der Lage die beobachteten Stöchiometrien für 
die N2-Adsorption an Fen+ Clustern zu erklären. Angesichts des Mangels an 
aussagekräftigen Strukturberechnungen erreichten wir unsere Grenzen bei der 
vollständigen Interpretation aller Details unserer kinetischen Ergebnisse. Am 
deutlichsten wirft die scheinbar absolute Unreaktivität des Fe17+ Clusters Fragen auf. 
Die vorliegende Arbeit zeigt, dass die Kombination der isothermen Kryokinetik mit IR-
spektroskopischen Untersuchungen der Adsorbate ein mächtiges Werkzeug ist, um die 
Metall-Adsorbat-Bindung zu untersuchen und Struktur-Reaktivitäts-Beziehungen zu 
entwirren. 
Der nächste Schritt bei der Untersuchung von Übergangsmetall-Adsorbat-Komplexen 
durch unsere Gruppe ist die Aufweitung der präsentierten Untersuchungen auf andere 
Übergangsmetallcluster und –Legierungen. Erste Experimente zur Adsorption von N2 an 
Rhn+ und Rh-dotierten Fen+ Clustern wurden bereits durchgeführt.1-2 Des Weiteren 
haben wir eine systematische Studie zur Kryoadsorption von H2 an verschiedenen 
Übergangsmetallclustern begonnen. In künftigen Experimenten ist neben der 
Adsorption von Stickstoff oder Wasserstoff auch die Untersuchung der Co-Adsorption 
5. Summary and Outlook 
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dieser oder anderer zweiatomiger Moleküle auf Übergangsmetallclustern von großem 
Interesse. 
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6. APPENDIX 
 
6.1 Publication: “Vibrational Blue Shift of coordinated N2 in [Fe3O(OAc)6(N2)n]+: 
“Non Classical” Dinitrogen Complexes” 
 
The presented manuscript named “Vibrational Blue Shift of coordinated N2 in 
[Fe3O(OAc)6(N2)n]+: “Non Classical” Dinitrogen Complexes” was put together by 
Johannes Lang. It has been published at Chemical Communications. The presented 
results are also part of the doctoral thesis of J. Lang.  
The contributions of myself to the presented manuscript consist in being part of the 
experimental team which acquired the presented data, being involved in parts of the 
data evaluation and revision of the manuscript.  
 
 
 
Full reference to the publication: 
 
JOHANNES LANG, JENNIFER MOHRBACH, SEBASTIAN DILLINGER, JOACHIM M. HEWER  AND GEREON 
NIEDNER-SCHATTEBURG, Vibrational Blue Shift of coordinated N2 in [Fe3O(OAc)6(N2)n]+: “Non 
Classical” Dinitrogen Complexes, Chem. Commun., 2017, 53, 420-423. 
 
DOI: 10.1039/C6CC07481B 
 
The paper is reproduced from the above reference with permission from The Royal 
Society of Chemistry (RSC). 
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